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Waste and Credibility: The Name 
of the Game 

by Peter B. Lederman 

Waste management, along with the dol
drums of our nation's economy, is one of the 
most significant challenges of this decade. 
For generations, waste management was a 
rather simple matter with disposal to the 
land being the "standard." This has changed 
over the last decade but the challenge re
mains and may even be more significant. As 
we progressed into the eighties, fewer and 
fewer options have become available to 
manage our waste. This is true whether or 
not economics are considered. The lack of 
public trust in the institutions which affect 
waste management exacerbates these prob
lems. 

Today, the nation faces a crisis in the 
waste management arena. Facility capacity 
within the next few years will become to
tally inadequate to handle the waste gener
ated in homes and industries. The "Dooms
day" approach is a "no action" course which 
would result in no additional facilities or al
ternatives for disposal of waste. The ulti
mate result of facility shortage is that indus
trial production could slow down sig
nificantly, or cease. Citizens would have to 
bury their garbage in their own backyards. 
This is obviously unacceptable. Action 
must be taken to provide adequate facilities. 

Advanced technologies for waste manage
ment are available and new ones are being 
developed. Technology is not stopping the 
establishment of new facilities. The econ
omies for developing environmentally 
sound municipal or industrial waste man
agement facilities are not attractive while 
land disposal remains the cheaper option. 
Given public opposition to land disposal, it 
is imperative that advanced facilities be 
built. Without such development, it will be 
impossible to maintain current industrial 
production with its attendant waste gener
ation. 
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The economics for management of land 
disposal versus advance recycle and treat
ment are currently skewed to land disposal. 
Yet these costs do not take into account 
rather significant costs for rehabilitation 
now being encountered when municipal 
and industrial landfills must undergo reme
dial action to prevent contamination of 
groundwater and air due to hazardous 
pollutants that were placed in the ground 
ten, twenty or thirty years ago. It is possible 
to regulate against landfills, but it would be 
better to look at the total cost and let the life 
cycle economics dictate the solutions. 

Even more significant and mitigating 
against the establishment of new facilities is 
the lack of credibility of the governmental, 
industrial and engineering communities 
with respect to waste management. We have 
a long history of neglect to overcome which 
has come to roost in the last few years. The 
number of abandoned land disposal facili
ties that are now impacting the public is le
gion. The pubic has reacted by believing no 
one and generalizing from old to new prac
tices. This has basically led to unabated 
public opposition to the siting of any waste 
management facility, including recycling, 
waste heat recovery, or industrial treat· 
ment/detoxification facilities. Where the 
public, through its elected officials, is will
ing to consider a proposed facility, the rules 
are so onerous in many states that they, in 
themselves, often prevent the siting of any 
waste management facility. The require
ments often even discourage the establish
ment of a facility within the confines of an 
existing industrial plant. We can call this 
overreaction, but this is the reaction to the 
preception that government, industry and 
engineers, or for that matter any organized 
group, cannot be trusted to protect the local 
interests for the generations to come. 
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It will be difficult for the organized inter
ests to reestablish their credibility, but it 
must be done. Industrial, engineering and 
governmental communities must make pro
digious efforts to regain public trust or at 
least public understanding. This must be 
done long before any facility is even consid
ered. Credibility can only be reestablished 
with a nonadversarial approach. Then, 
when a site is proposed, this small degree of 
credibility must be reinforced with a degree 
of openness not normally found in govern
ment or industrial ventures. The public 
must be included and must be part of the de
cision mechanism as well as a stakeholder in 
the facility. 

The best technical work will be required, 
but it will be wasted if that degree of mutual 
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understanding and credibility is not estab
lished beforehand. If we wish to continue to 
be an economically viable nation, we must 
manage our waste. To do so, we must have 
understanding of and credibility with the 
public. We, as engineers, must be one of the 
prime movers in helping to establish that 
credibility and understanding through 
working with our fellow citizens to promote 
environmentally sound waste management. 

Peter B. Lederman is Vice President of Roy 
F. Weston Inc . He holds a PHD in Chemical 
Engineering and is a member of the advisory 
board of Environmental Progress. 
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Environ1nental 
Shorts . .. 

Synfuels Projects for Utah and Maine 

Eight proposed synthetic fuels 
projects passed strength tests and 
were advanced to the negotiating 
stages last week by the U.S. Syn
thetic Fuels Corp. 

Kellogg Rust Synfilels will play. 
a role in two of those projects if 
upcoming negotiations are suc
cessful. The projects are the 
Paraho-Ute Shale Oil Facility to 
be located near Vernal, Utah and 
the Northern Peat Energy Project 
near Milford and Bradley, Maine. 

The first phase of the Paral.lO
Ute project, valued in excess 01 $1 
billion, calls lilT the production of 
approximately 14,105 barrels a 
day of hydro treated shale oil. The 

Northern Peat project, valued at 
$161 million, would produce 
278,000 tons a year oUllel derived 
from peat, the equivalent of 
960,000 barrels of oil. Both would 
hegin production in 1986, if con
struction hegins early next year, 
as anticipated. 

Kellogg Rust Synli.lels, a suh
sidiary of Kellogg Rust Inc. of 
Houston, is one of five compa
nies which have expressed concli
tional commitment to take an eq
uity position in the Paraho-Ute 
project. The others are Paraho, 
Raymond Kaiser Engineers, Inc., 
Sohio Shale Oil Co., and Texas 
Eastern Synfuels Inc. Beyond 

Study Shows Coal 
Gasification is 
Economically Attractive 

A recent U.S. Department of En
ergy (DOE) study shows that 
many chemical products like 
methanol, hydrogen and carhon 
dioxide can be produced as 
cheaply, in some cases more 
cheaply, through underground 
coal gasification as hy conven
tional means. 

The study, directed by DOE's 
Lawrence Livermore National 
Lahoratory (LLNL), showed that 
methanol, lilr example, can be 
synthesized through underground 
coal gasification at a cost of be
tween 50 and 60 cents a gallon, 
25% cheaper than the 70 to 80 
cents a gallon cost of milllUbcture 
by conventional means. 

The study prepared hy Pritch
ard Corp., of Kansas City, MO, 
shows underground coal gasifica
tion to he economically viable de-

spite l;tIling oil prices. 
Methanol is one of the few 

major-volullle chelllicals pro
jected IiII' incre<t~ing usc in fuels 
where it would be used to hoost 
octane in unleaded gasoline. 

LLNL scientists claim that en
ergy equivalent to upwards of .'50 
times the natural gas reserves of 
the U.S. could he extracted Irom 
the 1.2 trillion tons of coal 
that cannot he reached practically 
or economically except through 
underground g<t~ification. The 
UCC process turns coal into gas 
by partially burning it under
ground. 

A series of successful large 
block experiments at the Wash
ington site has already heen con
ducted in 1981-1982 lilllowing 
previous DOE work in three dif
ferent sites in Wyo. 

their equity position, Kellogg 
Rust Synfuels and Raymond Kai
ser would Sl'rvl' as managing 
contractor on thl' project, with en
ginel'ring, prOCllfellll'nt, con
struction and construction man
agement responsibilities. The 
project will usc proprietary tech
nology of Paraho IiII' a surfitce re
tort systcm to produce the hydro
treated shale oil. 

Kcllogg Rust Synfuels would 
engineer and constl'llct the North
ern Peat project, which would be 
owned and operatcd by Wheel
ahrator Clean Fuels Inc. It would 
employ a proprietary process ofJP 
Energy Oy of Helsinki, Finland. 

New Solvent 
Extraction 
Process 
Developed 

Georgia Institute of Technology 
has developed a novel solvent ex
traction process which is produc
ing fuel-grade ethanol with at 
least .'50% less energy than is re
(Jllired IiII' distillation. 

In recent years, some engineers 
have elaimed it would take more 
energy to produce ethanol than 
the lilel would oner. The technol
ogy proves that the recovery pro
cess can bc cost ellective. 

Tech has built a prototype unit 
which is currently producing 194 
proof ethanol with inexpensive 
and commercially-available sol
vents. Engineers arc obtaining a 
fuel with less water than the etha
nol azeotrope, without sacrific
ing high recovery levels. 
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Rising Natural Gas Prices 
and Fertilizer Imports Will 
Delay Economic Recovery 

Rising natural gas prices together ' 
with wntinued competition from 
imports will delay the recovery of 
the ailing United States ammonia 
industry for the next two to three 
years, according to a study just 
completed hy Arthur D. Little, 
Inc. The study was sponsored hy 
an international group of com
panies . 

In its analvsis, th e international 
research an ~1 manage me nt con
sulting finn ohserved that one
third of the nation 's ammonia pro
duction cal)adty has been shut 
down, an c the profitahility of 
most of the remaining plants is 
well helow acceptahle standards . 
This is attrihuted largely to low 
prices, a result of imports and a 
m,~or drop in the de mand fill' ni
trogen fe rtilizers. 

In the short term, the U.S. am
monia industry will remain at a 
fundam e ntal 'disad vantage he-

cause of the price it pays lilr natu
ral gas compared to the cost of nat
lITal gas to ammonia produce rs in 
Canada, Mexico, Trinidad and the 
Sovie t Union. 

For the longer range, the Arthur 
D. Little study found the progno
sis fin' the U.S. ammonia industry 
more positive, particularly for 
companies operating e fficient 
plants and enjoying relatively fil
vorahle gas prices. The world
wide need fill' nitrogen fertilizers 
will continue to grow as a result 
of increases in world population. 
There are clearl y not enough am
monia plants unde r construction 
throughout the world to meet that 
demand. This situation should 
hring ahout a hette r halance he
tween supply and demand, le ad
ing to higher prices and interest in 
the construction of a suhstantial 
numher of additional fe rtilizer 
plants in the world. 

Commercial Synfuels Industry 
Will Develop Despite Current 
Oil and Gas Glut 
The current and projected decline 
in oil and gas drilling will likely 
create a niche fin' a synthetic: filels 
industry in the United States h y 
the e nd of the decade , according 
to SRI e nergy experts. 

Today , there is an ade()llate 
amount of oil and an enormous 
surplus of natural gas, hut as a re
sult of the recent drop in oil prices 
and the general state of the world 
economy, investment filr explora
tion and production has just dried 
up, and this will ailed supplies 
eventually. 

The serious players in synthetic 
fuels who are carrying through ap
propriate ly sealed projeds and 
have them in operation hy the end 
of the decade will be in a very 
good position . 

The growth ofthe middle distil
late sedor is a very powerllilmar
ket driving filrce for the introduc
tion of shale oil, because shale oil. 
is a premium refinery feedstock 
filr the produdion of jet and diesel 
fue l. A much higher yield can be 
gotten fi'om di esel fuel and air
craft turhine file I from shale oil as 
a refin ery feedstock than out of 
crude oil. In addition, shale oil 
does not produce low-value resi
due whe n re lined. 

There/ilTe, in the early years of 
the development of a shale indus
try, a refinery will he willing to 
pay a premium for shale oil over 
the corresponding crude oil. 
Shale oil is economically compet
itive at current oil prices and with 
current investment write-offs . 
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On "Once more unto 
the breach ..... " 
I-:II ., irolllll('II(II/ Progress 2, ~'2. (l9S:3) 

To the editor: 

Cohy Scher's premise that the 
regulations under which we work 
are a national disgrace is patently 
obvious. 

As Scher points out, regulations 
are spawned hy attornies. Ahout 
90% of the memhers of Congress 
are attomies, as are their stall's, 
and as are many of the key people 
in the regulatory agencie s. 

Attornies (like everyone else) 
do what is profitable to them, and 
attomies make mon ey mainl y 
from litigation. Attornies on the 
legislative side write laws that re
quire court action to "clarify" 
them, and attomies on the regula
tory side write regulations that are 
litigacious. With thousands of in
dividual actions over the past dec
ade and more, the re sults ob
tained can no longer be held to be 
accidental. What we have is what 
was intende d. 

Scher asks, " How can we trul y 
achieve regulatory refimll . . ,?" 
E ve ntuallv the answe r must 
be-Stop eiecting attornies to any 
ofRCl' at any le vel of government 
outside of the COlllt system, and 
stop allowing the app(;intment of 
attoTnies to ofRces outside of the 
court system. 

Until then, the nation will con
tinue to experience the " travesty" 
of thl' "haphazard nature of 
regulatory edicts promulgated hy 
governments" . 

Rohert P. Kingsbury 
7 O'Shea Lane 
Laconia, NH 03246 

AIChE 1983 Publications Catalog 
For a complete listing of all process con
trol titles ovailable from AIChE, consult 
our 1983 Publications Catalog. If you 
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East 47 St., New York, N.Y. 10017. 
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Carbon Dioxide The Premier 
Environmental Challenge of Our Time 

Among the sessions scheduled for the Diamond Jubilee Meeting in 
Washington Oct. 31-Nov. 3, 1983, there will be a session on "Global Environ
mental Effects, Carbon Dioxide Problem from an Energy Policy Perspective." 
The following paper draws from materials to be presented at the session, and 
from data developed for a position paper for the Coordinating Committee on 
Energy of the AAES by Ralph Rotty, Institute for Energy Analysis. Those en
gineers who wish to learn more about the problem are invited to the session. 

Robert T. Jaske, Bethesda, Md. 

195. YEAI 1915 

Atmospheric carbon dioxide plays an important dual role 
in the maintenance of the balance ofliving systems on the 
earth's surface. CO. is essential for photosynthesis, the 
process by which green plants make their own food(carbo
hydrates) from CO., water and nutrients by using energy 
from the sun. Atmospheric CO. is also critical in keeping 
the earth's surface warm enough for life to survive. Short
wave radiation for the sun passes through CO. and warms 
the earth. The earth in turn emits this energy as infrared 
radiation (long-wave) that is absorbed hy atmospheric 
CO •. This retention of energy in the atmosphere is called 
the greenhouse ellect. As CO. in the atmosphere in
creases, the opacity of the atmosphere to infrared radiation 
increases. As a result, the temperature ofthe lower atmos
phere and the earth's surface will increase as the glohal 
system seeks halance of incoming solar energy and outgo
ing infrared radiation. 

Figure 1. Mean monthly Co, concentrations of Mauna Loa, Hawaii. 

Scientific evidence that the concentration of CO. in the 
atmosphere has increased in the past 22 years is irrefuta-
ble. At Mauna Loa Observatory in Hawaii, the concentra- amount is sufficient to cause a several-fold increase in at-
tion has increa~ed from 315 ppm(v) in 1958 to 338 ppm(v) mospheric CO •. Thus the potential is quite real for global 
in 1980 (Figure 1). Measurements made at other locations society, during the next half~century or so, to embark on a 
around the world show similar rates of increase. This rep- fuel policy that has mnsequences that may he very long 
resents 49 billion tons of carbon added to the abnosphere lasting and coulil have very serious consequences for the 
a~ CO. during the 22 year period. The burning of fossil global environment. 
fuels during the same period relea'ed 84 billion tons of Even with greatly increased emphasis on nuclear and 
carbon as CO •. The fact that the increlL,e of CO. in the at- several forms of solar energy, by fifty years from now the 
mosphere accounts for only 58%ofthe amount released hy annual emissions of carbon dioxide from use of fossil fuels 
burning filssil fuels demonstrates that reservoirs other are likely to be about 2.5 times what they are now. By that 
than the abnosphere are sequestering some of the fossil time the atmospheric CO. concentration will have grown 
fuel CO •. If some other reservoirs are acting as sinks, the from the present 338 ppm(v) to the 425-450 ppm(v) range. 
possibility must be considered that there lU"e also other Projections for a hundred years in tbe future, based on 
sources. Although there are uncertainties in a full account- present rates of fixed carbon combustion show a likely 
ing for CO. emissions, it is clear that filssil fuel combustion CO. concentration near 550-600 ppm(v). All of this is how-
has been a major factor contributing to the observed atmos- ever, highly uncertain and depends on many factors not 
pheric CO, increIL,e. the least of which is predicting the rates of energy use in 

Fossil fuels provide a very convenient, relatively inex- the emerging areas of the globe. Recent experience with 
pensive and safe energy supply that is likely to be used for energy growth rates converted to CO. emissions on a 
at least the next several decades. The carbon in recovera- world basis are shown in Tahle 1. While it is clear that 
ble resources of conventional oil and gas is limited to there has been a dramatic change in the upwards growth of 
amounts less than the present atmospheric content, but emissions since 1973, even the present lower rates of in-
when the recoverable coal resources are included the crease represent total emissions 2V2 times those of 1950. 

t.- .. . .: "'" 
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TABLE 1. CO, EMISSIONS BY FUEL TYPE BY YEARS-MILLIONS OF 
TONS, CARBON/YEAR' 

% increase 

1950 1975 1980 1950-75 1975-80 

All Fossil Fuels 
Coal and Coal Products 
Oil and Refined Products 
Cas and Cas By-Products 

1600 4400 50()() 4.46 
1100 1600 1950 1.72 
400 2200 2:)00 2.11 
l(X) 600 7.50 8.06 

'"Data from Hotly-Instilult· for EIlN~y I\nalysis. 

I.Il6 
2.57 
1.11 
.3.2.3 

SHOULD ENGINEERS BE CONCERNED ABOUT INCREASED 
ATMOSPHERIC CARBON DIOXIDE? 

Because CO, helps to regulate the temperature of the 
earth and the thermal structure of its atmosphere, its role is 
critical to future global conditions. More carhon dioxide 
means a warmer planet, and it is this result of the green
house effect that callses the eoneem. Mathematieal mode Is 
of the atmosphere indieate that if the ahnospheric CO, 
concentration reaehes 600 ppm(v), the average tempera
ture of the earth' s suriilCe will he 2-3°C wanner than at 
present. It is however, not simply the general warming 
that must he eonsidered (see Figure 2) . The associated 
changes in erucial climatie variahles, (c. g. , preeipitation, 
length of growing season, evapo-transpiration characteris
ties, e tc.) in key geographieal areas could have major im
pact on the well being of mankind. 

The climatk models (Figures .'3, 4) show an enhanecd 
warming at the higher latitudes of the emth's poles (2,3). 
This has led to speeulation that extensive melting of polar 
ice sheets could occur with ellects beyond mere climatic 
ehange. The disappearance of Arctic sea ice will liIVor a 
shifting of climate zones to the north with serious implica
tions 1(1f the mix of climatic and hydrological variahles 
whieh are so lilvorable to the agrkultural production in the 
United States (4,.5). 

The oeean absorbs large amounts of CO, from the atmo
sphere and also releases CO, to the atmosphere in ex
change processes that are poorly understood. Since almost 
one half of the carhon released li'om I()ssil fuel hurning 

PttO'OSTNIHU IS 

I 

rt 
Figure 2 . Corban dioxide and potential global worming. 

• SHIFT IN CLIMATE BElTS 

• CHANGE IN WIND AND OCEAN CURRENTS 

• CHANGE IN PRECIPITATION PATTERNS 

• MELTING OF ICE CAPS 

Figure 3 . Greenhouse effect (CQ,) . 
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Figure 4. Greenhouse effect. 

may be taken up in the ocean, there is speeulation that a 
wanner dimate and associated ch,mges in ocean ehemis
try and circulation could result in reduced absorption and 
increasing release of CO,. The ocean hiota Illay play an im
portant role in regulatin!( the distribution of CO, hetween 
the atmosphere ,ind the well-Illixcd surbce layer of the 
ocean. Photosynthes is and prccipitation of calciulll car
bonate relllove dissolved CO, li'olll snri" ce waters , while 
biological deeay 'Uld dissolution of calciulll carbonate in
erease its presence there. The net elleet of these hiological 
processes is to lower the concentration at the surlilee rela
tive to that in the deeper, up-welling waters. The net bin
logkal productivity Illay strongly inilnt'lH:e the resulting 
CO, content of the atlllos\)hert •. 

Confidence regarding t Ie details of a CO, induced eli
mate chang(· is not yet sufficient to Illake a filII analysis of 
the costs to society. Wc do not even know how high the at
mospheric carhon dioxide eoncentration <:an he come he
I()re undesirahle changes rcsult f(lr most of the world's 
people. It is dcar howcver, that should undesirahle 
changes oeeur, they will pt'rsist/(" ,I V('l'V long tillle (mea
sured in centuries). :'\'\eehanisllls to retlnce atlllosphcric 
CO, at'(· all slow in co",parison to tilt' tillle rt''1nired fi,r 
Imming I()ssil fuel to cause the higher conccntrations. 

IS THIS A UNIQUE PROBLEM FOR THE UNITED STATES1 

Even if the world consisted of a hOlllogeneous society 
silllilar to the United Stat(" and Western Europe, the dee;'
sion to clll'tail non-renewabl e sources of lilcls which con
trihute CO, wouldevoke enorlllous political and econolllit
debate. Lt'I ns how('v('r, look at the situation in a glohal 
context and cOlllparc the J'(·lativ(' position of the Illajor 
geopolitical regions of the world with respect to carhon di
oxide prodndion. Tlwse arc snllllll,"·izt·d in Tahle 2 
helow. 

iIOatumlly, such pr('didiolls pn'snppos(' continuation of 
the statns '1no in the limn ami substance of energy nsage 
anddistrihution in the world. This is Illost nnlikelv. There 
is already confirmed evidc ncc that th(· rate of g~owth of 
energy u.sage in the d(·v(·loped nations has he('n redueed 
to about 2 . .5% pCI' year as a result of higher oil prices. 

What is important to notiee /i'OIll Table 2 is not the abso
lute valnes , hnt the shilt of eo, g('neratioll li'olll the pres-

TAIILE 2. (;UlIHI. (;AIIIIO/l: DIOXIDE I'II0DUCTI0:>( IIY 

Ct:OI~lI.ITIc..\1. SE(:\IE:>(TS 

Uniled Slales and Canada 
\Vestern Ellrope 
USSH amI Easll'l'Il Emop<' 
Japan and Auslralia 
Socialist Asian COllntril'S 
OII1<'r Dl'vl'inping Nalicllls 

iu 1!l74 AD 

7% 

HX)% 

in2()2.5AD 

IWk 
1O'h 
I i 'h 
4'1< 

If V" 
40'h 

HX)'7. 
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ent centers of world power to the developing nations, and 
to the Asian socialist bloc. Since the scientific impetus for 
a global curtailment would most certainly come from the 
U.S. and Western Europe, it could be expected that any ef
fort on the part of the developed nations to curtail CO. 
would be considered by the rest as a form of economic co
lonialism to be resisted to the bitter end (See Figure 5). 

Clearly, CO, is a matter of world concern, not limited to 
the United States . How the United States plays out its role 
of technological leadership is a unique problem for the 
United States . 

WHAT SHOULD ENGINEERS BE DOING ABOUT 
CARlON DIOXIDE? 

A special challenge to the engineering profession is 
meeting future global energy demand with technologies 
that produce as little CO, as possible from fossil sources. 
Because the recoverable resources of fossil fuels are so 
large, and re latively inexpensive, they will be very 
difficult to displace. Nonfossil systems, i.e. solar and nu
clear, produce no carbon dioxide, but due to other prob
lems including high cost, continued use offossil resources 
is still encouraged. For example, energy for transportation 
is conveniently provided by hydrocarbon liquids. As 
crude petroleum supplies are reduced, conversion of solid 
fuels to 1i<luids hecomes technically attractive. Present 
processes filr such conversions increa~e the total CO, pro
duced per lInit of useful energy delivered. Table 3 below 
presents a summary of CO, production per unit of energy 
for typical fossil fuels and for a range of synthetic fuel 
processes. 

The additional CO, resulting from conversion of coal or 
shale to liquid fuel on a per unit energy basis is considera
ble, but this fact must be considered in the context of fu
ture global emission of CO, from all fossil fuels. The 
synfuel industry would have to develop much more rap
idly and become larger than now seems likely before this 
process adds a significant proportion to the other CO, 
emissions. The higgest single factor in detennining the 
magnihtde of the CO, problem is the amount of all fossil 
fuel-oil, gas, and coal- that is used in the next 50 years, 
and the pattern set in the next 25 years will have a ml~or 
inHuence. 

A research program to provide knowledge necessary for 
predicting the eflects of CO, concentration changes has 
been estahlished hy the Federal government. Engineers 
can rest somewhat secure knowing that ng individual proj
ect will make a significant difference. By 1988, the Fed
eral gove rnment is to report on its activities undertaken 
under the Climate Program Act of 1977 (P.L. 95-367). Re
search on agricultural products continues, and the average 
time from the hench to the field remains about 10 years 
which will allow time to adapt new species to climatic 
change, if such changes occur as a result of global energy 
policies. 

In the ve ry long term, however, in order to deal with this 
challenge the world community must deal with some very 
hard facts. Because of the long lead time in deliveringcom-

SOURCE: GLOBAL ........ (DOE) 

Figure 5. Projected Co, concentrotion under various energy scenarios. 
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TABLE 3. CARBON DISCHARGE (AS CO,) FROM SELECTED 
ENERGY SOURCES 

Fuel Source or Type 
Carbon in CO, 

(kWIO' kJ) 

Coal in Direct Combustion 23.9 
19.7 
14.1 

Liquid Fuel from Crude Petroleum 
Natural Gas 
Synthetic Liquids from Coal 
Synthetic Liquids from Shale 

37-42 
43-66 

mercial processes, engineers must begin to consider the 
difference between open ended and closed ended energy 
systems. Open ended systems are those which through ev
olution in the use of end products allow satisfaction of en
ergy needs without increasing the use of fixed carbon 
sources, thereby avoiding the increase of CO. in the 
atmosphere. 

This might mean energy delivery systems based on the 
<:ombination of nuclear and renewable sources such as so
lar and biomass conversion. One promising combination 
appears to be an energy delivery system based on hydro
gen derived from a combination oflarge and small sources 
all contributing to a common distribution system. Hydro
gen derived fuel could be methanol, methane or gasoline 
in order to satisfY transitional marketing and storage 
problems. 

The challenge from a global perspective is the develop
ment of nonfossil sources which are exportable and form 
the basis for the energy economies of the developing na
tions. This is significant because a large fraction of the glo
bal energy requirements of25 to 50 years from now will be 
coming from the developing world, which now uses rela
tively small energy quantities. For these nations, it is es
sential to emphaSize "appropriate technology" in the 
purest sense of the word-to provide technologies that are 
both culturally acceptable and economically effective in 
assuring deve lopment without that development being ex
cessively dependent on fossil fuels. 
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The SOLCLAUS Process: Direct Sulfur 
Recovery from Sour Gas 

Details of a new process for cleaning-up sour refinery gases containing H2S. 
Sulfur is recovered as a liquid in a yield of more than 99%. 

J. M. Biedermann andJ. H. Rossarie, TOTAL-Compagnie Fram;aise de Raflinage, Harfleur, France. 

Sharply escalating emphasis On reducing sulfur emissions 
to the atmosphere has been an incentive to urge refiners 
to operate reliable sulfur-recovery units. As far as 
refineries wholly or partly owned by "TOTAL" French 
Oil Company are concerned, 12 sulfur plants are nOW in 
operation and 10 of them are located in Europe. 

The trend to process heavier crudes will enhance the 
need for new Claus-type units so as to meet antipollution 
requirements. However, it would be nO longer realistic to 
ignore the fact that refiners are soon likely to have to cope 
with stricter air-pollution codes. Meanwhile, conversion 
units are being built to upgrade the barrel-bottom prod
ucts, which will produce additional quantities of 
hydrogen-sulfide rich gases. 

Consequently, TOTAL has developed a process lilr 
cleaning up acid-gas streams, which yields elemental sul
fur by coabsorption of hydrogen sulfide and sulfur dioxide 
in the pumparound of a specific solvent. 

This paper will describe the main outlines ofthe process 
and the operating parameters, and will make a preliminary 
economic appraisal based On pilot-plant data. 

INDUSTRIAL BACKGROUND 

The sulfur-recovery units presently operated by TO
TAL were designed as gas-phase Claus systems. De
pending On local requirements and availabilities, installed 
sulfur-plant capacities may range Irom 15 t1day to 120 
t1day. All units are constructed with a thermal-conversion 
step in a refractory-lined external combustion chamber, 
the eflluent of which is used in downstream steam-pro
ducing equipment and then goes to coolers. 25 to 28% of 
the sulfur production is completed through 2 or 3 catalytic 
steps arranged in series. Catalytic reactors usually operate 
with a bed of activated alumina, and are sometimes pre
vented from su\f'lting by the Iront-end installation of a 
specific catalyst able to curb the sulf'lte poisoning eflect of 
the incoming stream. 

[n conjunction with existing conditions and shortcom
ings, catalyst service life typically fluctuates in the range 
of one to two years. Mostly, catalyst beds are dumped and 
discarded due to loss of activity by sulfation or plugging by 
corrosion products. 

As an overall perlilrmance, sulfur-recovery rates have 
been found to be about 94-96% with double-stage catalytic 
units and 96-97.5% with 3 stages. It is expected that this 
will soon no longer be eflicient enough to match the in
creasing severity of antipollution regulation. 
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Up to now, the average service factor has been regularly 
increased, but does not presently exceed a target of 
80-95%. 

In most cases, sulfur plants are led with ofl~gases pro
vided by amine-plant strippers. 

The main trouble spots in sulfur-recovery units are 
chiefly linked with feed-gas impurities that initiate pain
fully expensive problems involving design, maintenance, 
and operation. 

The adverse ellects of any improper operations will re-
sult in well known types of trouble: 

• Corrosion, 
• Plugging, 
• Refractory cracking and spalling, 
• Sulfur quality lowering, etc .... 

Corrosion damage allects burners, reactors, coolers, and 
piping. Combustion-air monitoring, as a fimction of gas
feed quality, is the key point filr efficiently mitigating cor
rosion damage. 

Not surprisingly, plugging troubles are bound to affect 
equipment downstream of the combustion chamber. Op
erating units often experienced an accumulation of solid 
depOSits, the content of which ranged as filllows: 

Elemental sulfur, wt.% 7.'5-8.'5 
Ferrous sull'lte, wt.% 10-20 
Ammonium sulfltte, wt. % 0-5 

This high-melting \)Oint product has been the crux of any 
cleaning operation, )ecause it is strongly adherent and 
<Juite resistant, even to expensive mechanical cleaning. 

Needless to say, the relractory lining has had to be re
placed once or twice in some ten years. Incinerator stacks 
have Similarly been a focal point lor maintenance people, 
since they have needed to be reconstructed once a decade. 
All things considered, maintenance expenses have 
si!-,>11ificantly allected the reliability and economics of 
these existinl( plants. 

From an economic standpoint, it is common practice to 
roughly estimate the overall additional cost of mainte
nance (includinl( corrosion) as varying Irom US $3 to US 
$10 per ton of recovered sulfur. 

As a result of what has been experienced up to now, it 
was decided to launch a research prol(ram so as to devise a 
new sulfur-recovery process, which mil(ht achieve the fol
lowinl( goals: 

• Sulfllr recovery over 99% on a routine basis. 
• Design of appropriate e<luipment to limit mainte

nance expenses. 
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• Wide range of operating flexibility of20% to 100% of 
design conditions without significantly affecting 
conversion efficiency. 

• Separate systems to yield SO, and sulfur. 
• Coabsorption of H,S and S0, in a specific solvent 

and following Claus reaction yielding molten sulfur. 
• Use of a liquid pumparound as a thermal sink and 

soluble-sulfur outflow. 
Extensive laboratory research has been conducted and a 

pilot plant has subsequently been operated to verify, by 
means oflong duration trials, the reliability of concepts de
vised on a smaller scale. 

SCOPE OF PROCESS 
Process Flowsheet 

A simplified overview of the process streams is shown 
in Figure 1. After exiting a knock-out drum, the feed gas is 
commingled with S0, in a Claus reaction: 

2H,S + S0, -+ 35 + 2H,O 

The temperature level is that of the limnation of crystalline 
sulfur. The reaction is favored by a specific solvent of both 
H,S and S0" which is a thermally stable glycol ether. 
Then, the crystalline sulfur formed is decanted as a sepa
rate phase. 

H,S is supplied so as to make sure that it exceeds the 
stoichiometric requirement on a continuous basis. 

As a result, the H,S carry-over is removed through a 
d~wnstream scrubber by a counterflow of newly regener
ated solvent. Then, the pregnant solvent is rerouted to the 
mai~ reactor and processed. A minimum make-up of am
moma must be added to the scrubber to improve H,S re
covery and to prevent a pH lower than 8 due to the buff
ering effect of the H,S/HSNH. system. 

The right compromise between kinetics and residence 
~ime prevents o~casional carhon dioxide Irom participat
Ing In any reaction. 

\1eanwhile, it has heen shown that ammonia acts as a 
c'~talyst lilr the Claus reaction. In addition to this, ammonia 
e~fjcientl~ traps acidic hy-products to yield mainly ammo
mum sulfate as a solid species. 

.On the other hand, SO, is limned by the air comhustion 
01 part 01 the elemental sulfur produced. Sulfiu is automat-
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Figure 1. Process flowsheel. 
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i~ally maintained in excess so as to prevent 503 produc
~lOn. The SO. evolved is selectively trapped by absorption 
111 regenerated solvent in a special scrubber. Evidently, 
t?e solvent pumparound is the heart of the process; its du
ties are: 

1. Meeting fOint of both H,S and SO,. 
2. Carrier 0 excess H,S back to the main reactor. 
3. Selective carrier of S0, produced. 

Flow Diogram 

A simplified flow scheme of the SOLCLAUS process is 
sketched on Figure 2. 

Feed-gas stream 1 is mixed at low temperature with 50,
bearing solvent 2 in a specially deSigned gas-liquid reactor 
R. 

Partly cleaned efHuent gas 3 is scrubbed with freshly 
regenerated solvent 4 in the H,S-recovery tower T. 

Solvent and crystalline sulfur are continuously collected 
from the reactor top and then separated by gravity decanta
tion into a sulfur slurry 5 and the residual solvent 6. The 
sulfur slurry is heated up to obtain a mixture of molten sul
fur and hot solvent. The hot solvent is then recycled to the 
reactor, while the molten sulfur is routed to storage. 

The cold residual s.olvent 6 actually serves to carry away: 
• soluble water formed by the reaction, 
• a slight carry-under of H,S, NHa, and hydrocarbons. 
Water and volatile hydrocarbons are wholly removed as 

the overhead streams of a reboiling stripper S. Subse
quently, the water is processed in a sour-water stripper WS 
prior to being drained away. 

The uncondensed gas phase 7 is routed hack to the H,S
recovery tower T through a recycling compressor. On the 
other hand, the recovered clean solvent 8 finally is cooled 
and sent hack to leed the pumparound. 

SO, is produced 10 by burning liquid sulfur 11 with 
combustion air I? accor~ing to a m?dern techn<.>logy. 

The flue gas given ofl by the sulfur-burning furnace is 
then cooled in a double-stage condensation system. Under 
normal conditions, the excess sulfur is first condensed 
and sent back ahead of the burner. 

The residual flue gas 10 is processed with a counter
flow of solvent through the SO, absorber, whose duty it is 
to recover SO, and to split off nitrogen to a vent hole (or to 
recovery as a blanketing gas). 

CLEAN GAS 

Figure 2. SOLCLAUS : flow diagram. 
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FEEDSTOCK TYPE AND QUALITY 

The SOLCLAUS process can operate with any type of 
~vailabl~ refinery ~as, with any given c~ntent of the usual 
Impurities. Equipment can be easily designed for 
removing H,S from any gas stream coming from 
hydropro~-essing units as well as thermal conversion units. 
Beside the currently encountered impurities such as CO" 
COS, and NH", the process usually is insensitive to the 
presence of unsaturated constituents in the feed gas below 
12 vol %. Water-condensate carryover and corrosion prod
ucts must be properly removed in an efficient knock-out 
drum, including a demister pad. 

QUALITY OF RECOVERED SULFUR PRODUCT 

The sulfur produced routinely meets the usual specs of 
sulfuric-acid producers (see Figure 3). 

Nevertheless, the main reaction by-product is likely to 
be ammonium sulfate. This is properly collected by filtra
tion of the molten sulfur through a self-cleaning device 
and removed from the process. 

PROCESS PARAMETERS AND SULFUR-RECOVERY EFFICIENCY 

The paramount factors in properly converting H,S to el-
emental sulfur are: 

• Residual H,S content of effiuent gas. 
• Residual SO, content of off-gas exiting SO, absorber. 
As an example, levels of 2000 ppm by vol. H.S in the 

effiuent gas and 3000 ppm by vol. SO, in the SO, absorber 
oll~gas consistently yield 99% sulfur recovery. This can be 
easily raised to 99.5% by up-rating the design efficiency of 
SO. absorber to reach 500 ppm by vol. residual SO. in the 
off-gas. 

OPERATING CONDITIONS 

The reactor temperature is routinely maintained within 
a 40-60°C (100-140°F) range. 

The operating reaction pressure is that of the incoming 
gas. SO, production is achieved at low pressure [less than 7 
psig (150 kPa)]. 

Under normal conditions, the only process I'lctors which 
need to be closely controlled are 

• SO~bearing solvent flowrate. 
• Produced SO, flowrate. 
• Ammonia make-up flowrate . 

In other wor~s, the amo~nt of incoming HoS may be left 
uncontrolled In terms 01 feed-gas quality and flow rate. 

OPERATING COIfTROL 

Operation is required to meet both of the following goals 
on a continuous basis: 

• Produce the required amount of SO, to react witb in
coming H,S. 

ppm H2S (Wt) 

ASHES (Wt %) 

< 10 

0.02 _ 0.04 

IMPURITIES(H(Wt %) 0.05 _ 0.09 

SOLVENT (Wt"l.) 0.01 _ 0.03 

COLOUR BRIGHT YELLOW 

(1) INSOL.UBL.E IN HOT ANIUN 
Figure 3. Sulfur quality. 
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• Keep constant the amount of H,S rerouted to the 
reactor. 

These guiding rules are met by using the control system 
shown in Figure 4. 

The key parameter in process monitoring is the residual 
HoS content of the gas stream leaving the reactor. This fac
tor is adjusted by controlling the flowrate of the SO, solu
tion entering the reactor. 

Permanently reliable operation of the H,S-stream 
analyser is of course the cornerstone of efficient 
monitoring. 

The combustion air feeding the sulfur nlfnace and the 
recovered solvent intake in the SO, absorber are normally 
under the control of the SO,-bearing solvent flow rate en
tering the reactor through the absorher automatic level 
controller. 

The overall HoS conversion theoretically is a function of 
both the H,S-scrubber elJiciency and the HoS content of 
the. re.actor-c;ffiuent r:as . From a practical standpoint, any 
vanahons 01 thiS H.S content between 0 and 5 vol. %do not 
significantly allect the overall process elJiciency (see 
Figure 5). 

Tbis particular aspect makes the process insensitive to 
variations of tbe leed-gas quality or even the flowrate, as 
far as the H,S halance is concerned. 

STARTUP/SHUTDOWN PROCEDURES 

One of the main advantages of the process is that there is 
no close dependency linking the SO,-production steps 

L F ~ 
! , , , , 
i 
: , 

.. _I.._J 
AIR 

Figure 4. Operotian conlrol : sel poin". 

:Y. CONVERSION 
100 

99 

98 

97 

96 

1 5 10 
%VOL.H2S 

Figure 5. H,S conversion vs H,S content of reaclor-oulflow gas. 
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(sulfur-combustion furnace and SO. absorber) with the 
Claus-reaction section (reactor and H.S absorber). In fact, 
the only connection between these two systems is the sol
vent pumparound. 

As a result of this, start-up and shutdown procedures are 
far easier than those used in gas-phase plants. 

As an example, the start-up procedure includes the fol
lowing steps: 

1. Heating of the sulfur furnace by burning fuel gas. 

2. Heating of the solvent stripper by recirculating the 
hold-up of solvent through steam-exchanging equip
ment. In this stage, both the reactor and the H.S 
scrubber are involved in the pumparound circuit 
while under a feed-gas stream. 

3. Once the operating temperature has been reached in 
both sections, the solvent is routed to the SO. ab
sorber and the sulfur is fed to the burner in substitu
tion of the fuel gas. The solvent circulation between 
the absorber and the reactor may be established. 

It is noteworthy that steps 1 and 2 may be achieved inde
pendently of each other. 

OPERATING FLEXIBILITY 

Given the design capacity, the throughput may vary 
from 20 to 100% without initiating any major trouble. From 
a practical standpoint, fluctuation of either feed-gas qual
Ity or flowrate would account for the variation in through
put. 

SOME PILOT PLAMT PERFORMANCES AND SCALE-UP 

The process feasibility has been carefully investigated 
and confirmed during a two-year pilot-scale trial. N umer
ous types of feedstocks have been reviewed and tested. 

Table 1 shows typical pilot-plant results, when various 
gases from distillate hydrofiners and catalytic-cracking 
units were processed. As can be easily seen, sulfur recov
ery fluctuated from 99 to 99.3% overall efficiency. 

CONSTRUCTION GUIDELINES AND EQUIPMEMT MATERIALS 

In a liquid-phase process, it is evident that any 
Significant amount of corrosion product would be sure to 
have quite an adverse effect on the product quality of the 
sulfur. 

As a result, carbon steel has been prohibited in all parts 
of the plant that could be in contact with H.s. 

Meanwhile, numerous alloys have been reviewed and 
tested as far as their behavior toward wet hydrogen 
sulfide or dry sulfur dioxide are concerned. 

The selected materials eventually were minimum 13% 
chromium alloy steel (ASTM.TP.4105) and AISI 316 L 
austenitic alloy steel. 

Carbon steel (ASTM.A. 179) can be used in some speci
fic parts of the unit (heat exchangers, solvent and sulfur 
storage tanks). Not surprisingly, this objective will some
what penalize capital investment cost, but it will hopefully 
decrease treating costs. 

PROCESS TROUBLESHOOTING 

Outside of mechanical shortcomings, which will inevi
tably occur, process troubleshooting is unlikely to deal 

TABLE I. TYPICAL PILOT-PLANT PERFORMANCES 

Distillate 
Incc))uing hydro/iner 
fecd gas gas 

Composition (Vol. 

H, 15.57 
C, 26.10 
C, 3.83 

C" 12.39 
C, 4.35 
C" 0.15 
C. 0.01 
N, 4.27 
II,S .33.33 
CO, 
COS 
Olefins 

Flow rate (Nl/h) 300 

Outgoing 
dean gas 

flow rate (Nl/h) 202.8 
Composition (Vol.%) 

II, 22.80 
C, 37.84 
C, 5.38 
C" 16.67 
C, 5.52 
C" 0.14 
C. O.Dl 
N, 11.14 
II,!; 0.32 
CO, 
COS 
Oldins 

Sulfur (Wh) 213 
SO,[NHJ2 (Wh) 1 

Sulfur recovery (wI. %) 99 
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Visbreaker 
gas 

2.74 
16.08 
10.69 
6.31 
2.65 
0.64 
0.09 

56.23 
0.18 

4.39 
109.4 

52.3 

6.88 
33.27 
26.00 
14.34 
6.31 
1.34 
0.19 

0.96 
0.38 

10.33 

0.5 
99.2 

H, + CO. + cos 

48.55 

47.43 
4.0 
0.Dl8 

222 

160.86 

94.22 

0.21 
5.49 
0.017 

224 
1 

99.3 

August, 1983 151 



. rouonelY WIID unsOIV8me promems. 'lit: "ey IllClU[ lit 

sounding alarm is the product-sulfur quality and particu
larly its color. 

Upstream investigation must place the focus on 
·unacceptable changes of operating conditions, that could 
translate into the following possibilities: 

• Presence of iron sulfide. 
-Unexpected corrosion by hydrogen sulfide or by 

sulfur dioxide. 
-Suspended iron-sulfide carryover in the reactor : 

check feed gas quality (water condensates, amine
containing condensates, etc.). 

. • Presence of organic polymers. 
Usually it is initiated by an abnormal level of unsatu
rated hydrocarbons in the feed gas (monoolefins 
over 12 vol. %, diolefins + acetylenics over 0.05 
vol. %) . In any case, any drop of the process 
efficiency must be related to the material balance of 
the reactor streams. Make sure that the H.S-stream 
analyzer is working well by keepirig a regular watch 
on it. 

ADVANTAGES OF THE ,.OCESS . 

In brief, this technique may directly process any 
refinery gas containing H.S but less than 12% unsaturated 
hydrocarbons. 

HoS is converted into elemental sulfur with 99.5% 
efficiency, regardless of the HoS content being encount
ered in the feed. 

The main factors in the process are: 
• Replacement of the usual treatment steps includingthe 

amine unit, Claus conversion of acid gases, tail-gas 
treatment by a Single-stage ·unit for any unliquefied 
gas. 

• Wide-range Hexibility with respect to both feed-gas 
quality and Howrate. 

• More reliable operation with respect to the gas-phase 
Claus process. 

• No risk of air pollution by H.S emission. 
• Insensitivity to impurities such as CO., COS, ammonia. 
• Possibility of processing acidic gases provided by an 

amine plant operating with any type of LPG. 
The next hurdle will be to look at the economics, ex

pressed as estimated capital and operating costs. 

ESTlMA TID ECONOMICS OF THE PROCISS 

We are now in a position to overcome most of the 
scale-up problems. As a result, an economic profile of the 

,;,va..,,,,,J..J\.V03 plU\.."C:t:t J.I~ lICe ... UUU.IIC;U UU1U lVillS"'",:a ... 

pilot-plant operations. The design of the first 3().tld
capacity commercial plant has been made in comparison 
with existing competing technolOgies. 

Capital investment and manufacturing cost data have 
been developed in terms of European prices and then ex
pressed in US $. 

As far as the SOLCLAUS process is concerned, the sol
vent hold-up(lOOcubic meters) is estimated atacostofO.l 
million US $, representing about 2.8%ofthe battery-limits 
capital cost. 

Table 2 summarizes the overall battery-limits material 
balance to be expected, depending on both process type 
and sulfur-recovery efficiency. 

The only offsites which are included represent solvent 
and product storage and steam generation. Additional cost 
attributable to the use of special alloys can be evaluated at 
10% of overall investment capital. 

Operating costs in so far as chemicals are concerned, 
mostly represent the all important solvent make-up to 
(.'Ompensate filr OI.'Casionallosses. This can be appraised as 
wholly renewing the circulation solvent hold-up once a 
year. 

Utilities (.'Osts are listed on Tahle 3 as effective (.'Onsump
tions referred to one metric ton of sulfur product. 

Labor charges are estimated as similar to those usually 
spent in a traditional couple of amine and gas-phase Claus 
units. 

Construction materials have been selected to lower 
maintenance costs as much as poSSible. These are ex
pected to be 1-2% of initial carital investment per annum 
and about 3-4 US $ per ton 0 produl.'t sulfur. 

CONCLUSIONS 

Although we have not yet got any experien(.'C in a full
scale plant, this analysis does describe a valid and reliable 
process. 

The SOLCLAUS process promises to have an inherent 
Hexibility in operating parameters. Its ability to treat acid 
gases with a low H.S content makes the process a promi
nent anti-pollution tool, not only filr the refineries but also 
for the oil fields and the (.'Oak'Onversion plants. A process
data book is scheduled to he achieved for (.'Onstructing a 
first demonstration unit in a refinery owned by TOTAL. 

The first economic appraisal of the process require
ments at full scale has heen worked out by HEURTEY In
dustries Engineering Department. 

TABLE 2. CAPITAL INVE1>7MENT 

152 August,l983 

-Estimated battery limits capital ~'Ost (April 82 basis) 
• Amine + gas phase Claus units + usual u,i1-gas treatment 

(28 tid sulfur; 99% ~'Onversion) 
3500 M$ (M - HI') 

• Amine + gas phase Claus units .. + highly perform ant tail-gas treatment 
(28 tid sulfur; 99.9% ~"Onversion) 

4470 M$ 
• SOLCLAUS unit 

(28 tid sulfur; 99.5% conversion) 
3650 M$ 

TABLE 3. UTILITIES DATA FOR TREATING-COST ESTIMATION 

-Required utilities per ton of produ~..,d ",I fur 
-Electricity 152 kW 
-Steam (6 har) 3.28 t 
-Fuel gas 0 
-ClK)ling water 250 m' 

-Pn>du~..,d hlanketing gus per ton of produ~..,d sulfur 
-1300 Nm3 
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Field Testing of N H3 Injection on an 
Industrial Packaged Boiler 

Actual test results indicate that NH3 injection by noncatalytic reaction can be 
effective in reducing NO,r by 40 percent or more. 

Carlo Castaldini, Larry R. Waterland, and Howard B. Mason, Acurex Corp., Mountain View, Calif. 94042 

Stringent NOr regulations in California have led to the ap
plication of advanced controls which are capable of 
significant reductions in NOr emissions from stationary 
combustion sources. Among these controls, noncatalytic
ammonia (NH,j injection, developed by Exxon Research 
and Engineering Company (ER&E) as the Thermal 
DeNOr Process, has been installed on anumberofprocess 
heaters and industrial boilers in Southern California 
where NOr abatement requires the application of the Best 
Available Control Technology· (BACT). This paper de
scribes the results of extensive emission testing of one 
packaged industrial boiler equipped with NR, injection 
for NOr control. The flue gas was analyzed for criteria 
pollutants lt~ well as noncriteria orgmlic and inorganic spe
cies during two operating conditions: 1) baseline, with no 
NH, injection, and 2) with an NH, injection rate to 
significantly reduce NO.r emissions. The objective of 
these tests was to evaluate the effect of the Thermal 
De NOr Process on overall criteria and Jl(mcriteria emis
sions from this source. This work was limded by the Envi
ronmental Protection Agency (EPA) under Contract 
68-02-3188. 

BACKGROUND 

The Thermal DeNOr Process involves the injection of 
N H, into hot flue gas in a prescribed temperature range 
from 1,l40K (l,600°F) to 1,480K (2,2()()OF). The chemical 
reaction of NH, with NOr in the presence of O2 can be 
summarized by the following two equations': 

NOr + NH, + O2 + (H2) ..... N. + H20 (1) 

NH" + O2 ..... NO,. + H20 (2) 

At temperatures above approximately 1,480K (2,200"F), 
NH,oxidizes to form NO.ras shown by Equation 2. Attem
peratures below approximately 1,140K (l,600°F) the rates 
of both reactions are low, causing the NH, to leave 
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unreacted [1]. At the lower range of Hue-ga.~ temperature, 
however, the decomposition of NOr by NH.can be accom
plished by the simurtaneous injection of H2• The addition 
of H2 together with NH, then tends to extend the effective 
temperature range for NOr decomposition to about 980K 
(l,3()()OF). 

In addition to temperature, other major factors affecting 
the performance of the Thermal DeNOJ Process are [1]: 

• Residence time at temperature 
• Temperature and velocity gradients 
• Initial NO", 0", and HO level 
• NR/NOr ratio 
• Degree of mixing 
• Staging 
In laboratory lmd pilot-s~ale work, primarily performed 

by ER&E, NOr reductions of over 90 percent have been 
achieved. However, in full-scale combustion sources, 
more typical reduction performances have been around 60 
to 70 percent. In industrial and utility boilers, NH, inje(.~ 
tion takes place in the convective tube banks. Multiple
injection grids with or without H. addition can be used to 
maintain performance through boiler-load swings. 

NH, breakthrough emissions and ammonium sulfate 
«NH,j. SO,J and/or ammonium bisulfate(NH.HSO,Jforma· 
tion are two primary considerations when using the pro
cess if the fuel contains significant sulfur. In the thermal 
reduction of NOr a certain amount of NH, will escape 
unreacted. The level of breakthrough NH, will generally 
depend on how finely tuned the process design and oper
ation are. Careful control of NH,/NO and H. injection 
rates are needed at each boiler load to maintain unreacted 
NH,levels at a minimum. When sulfur-bearing fuels are 
combusted, the unreacted NH, combines with flue gas 
SO, to form ammonium sulfate and ammonium bisulfate. 
The ammonium sulfate is a noncorrosive dry solid which 
adds to the total particulate emissions from the source. The 
bisulfate at 420K (296°F) becomes a corrosive liquid 
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which, along with ash and soot particles, can fonn a deposit 
build-up on heat-exchange surfaces such as air heaters and 
economizers. 

SOURCE DESCRIPTIOH AHD OPERATIOH 

The boiler tested in the program was a packaged two
drum Zurn Keystone steam generator equipped with an 
economizer and having a maximum design capacity of7.57 
k!ifs (60,000 lb/hr) superheated steam at 2.51 MPa(350 psi). 
This unit was installed in 1979 at a Southern California oil 
refinery and equipped with the manufacturer's sidefire 
air injection and the ER&E Thennal DeNO. Process. The 
N H, injection grid was designed for injection of NH, and 
H, with steam as the carrier. A one-grid injection system 
was utilized. Details of the grid are considered proprietary 
by ER&E and thus were not available for this study. The 
boiler is designed to burn residual low-sulfur fuel oil and 
refinery process gas. A typical mix of these fuels is 30 per
cent oil and 70 percent gas on a heat-input hasis. 

The boiler and N H, injection system operations during 
two test conditions investigated in this study are summa
rized in Tahle 1. Flue-gas emissions were evaluated lor 
the haseline condition, no N H, injection hut with sidefire 
air injection, and filr a low-NO. condition with NH" in
jected at a rate leading to Significant NOJ reduction from 
the baseline level. Boiler operation, including fuel mix
ture, was maintained relatively constant between both 
tests to allow a direct comparison between tests and to 
single out the effects of NH" injection on emissions. 
. Residual-oil and refinery fuel-gas analysis results are 
summarized in Table 2. Specific gravity of refinery gas 
varied from ahout 0.44 to 0.50 due to variations in the level 
of hydrogen doping resulting from refinery process 
conditions. 

MEASUREMENT METHODS 

The sampling and analysis procedures used in this test 
program conf(mned to a modified EPA Levell protocol 
L2]. In addition, measurements for N H" lIue-gas emissions 
were performed to calculate the amount of unreacted N H" 
being emitted under boiler and control system operations 
investigated. Flue-gas measurements were made at the 
stack downstream of the hoiler economizer where the gas 
temperature was approximately 460K (370°F). Flue-gas 
measurements included: 

• Continuous monitors for NO." CO, CO2, and O2 

• Source Assessment Sampling System (SASS) train 
sampling 

• EPA Method 5 with water impingers and a EPA 
Method 17 backup lor solid and condensible particu
late mass emissions 

• Controlled Condensation System (CCS) lilr SO, and 
SO" 

• Grah sample loronsite analysis ~f gaseous C, to C.hy
drocarbon by gas chromatography 

• EPA Method 17 with HCl impinger solutions for am
monia sampling 

The SASS train collects several kinds of samples for suh
sequent laboratory analysis. For these tests, lIue-gas par
ticulate was collected on a heated 505K (450°F) filter; 
lIue-gas semivolatile organics (nominally C,+) were ah
sorbed onto a porous polymer resin (XAD-2) packed into 
an organic sorbent module, volatile inorganic species are 
trapped in impingers, and nonvolatile inorganic species 
collect with the particulate on the filter and in the XAD-2 
sorbent. 

The analysis protocol for SASS train samples included: 

• Analyzing the filter catch, ashed XAD-2 resin, and 
the first impinger solution for 73 elements using 
spark-source mass spectrometry (SSMS) and lor mer-
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TABLE 1. BOILER OPERATING CONDITIONS 
Test 1 Test 2 

Parameter Units (Baseline) (NH, Injection) 

Steam: 

Steam Howrate kws 4.10 4.10 
(10' Ih/hr) (32.5) (32.5) 

Drum pressure MPa 1.96 1.96 
(psig) (270) (270) 

Superheater MPa 1.83 1.83 
outlet pressure (psig) (250) (250) 
Superheater K 530 5.30 
temperature (OF) (495) (495) 

Fuels: 

Fuel oil Howrate I/s 0.11:14 0.11:14 
(gph) (175) (175) 

Refinery fuel Sm3/s 0.161:1 0.167 
gas fiowrate (103 sdh) (2L1) (21.2) 
Fuel oil heat rate MW 7.62 7.74 
rate (10' Btu/hr) (26.0) (26.4) 
Refinery fuel MW 5.92 5.48 
gas heat rate (10' Btu/hr) (20.2) (18.7) 
Total heat rate MW 1.1.5 13.2 

(10' Btu/hr) (46.2) (45.1) 
Oil/gas heat Percent 56'44 59/41 
input 

Burner Settings: 

Fuel oil pressure MPa 0.41 O.3H 
(psig) (45) (41) 

File! oil K 366 367 
temperatnre (OF) (191:1) (200) 
Atomizing steam MPa 0.56 0.5.1 
pressure (psig) (66) (62) 
Refinery fllel gas kPa 120 120 
pressure (psig) (2.5) (2.5) 
Swirl setting 4 4 

Fllrnace Drafi: 

Window pressure kPa 0.85 0.1:17 
(in. H,O) (3.4) (3.5) 

Furnace pressure kPa 0 .. 1.5 (J.40 
(in. H,O) (1.4) (1.6) 

Boiler outlet Pa 1:10 92 
pressufC (in. H,O) (0 .. 32) (0.37) 

NH" Injection System 

N 11" Howrate WS 1..53 
(lil/hr) (12.1) 

NH" header MPa >1.72 
pressure (rsig) (>250) 
Steam carrier WS 0.105 O.IOS 

(I il/h r) (1:132) (H32) 
Steam carrier MPa 0.410 0.410 
pressure (psig) (59.5) (59.5) 

cury using a cold-vapor atomic ahsorption
spectrometry (AAS) technique 

• Analyzing the second and third impinger solutions 
lilr arsenic and antimony using furnace AAS tech
niques, and lilr mercury using cold vapor AAS 

• Extracting the XAD-2 sorbent resin in a Soxhlet appa
ratus using methylene chloride, concentrating the ex
tract to 10 ml, then determining the organic content of 
the extract in two boiling-point ranges: boiling point 
between 373 and 573K (570°F) hy total chromato
graphable organics (TCO) analysis and boiling point 
greater th,m 573K by (570°F) gravimetry 

• Further concentrating the extract to 1 ml and 
analyzing for the 58 semi volatile organic priority 
pollutants by gas chromatography/mass spectrometry 
(GC/MS) 

The XAD-2 sorbent resin extract was also subjected to 
liquid-chromatography separation into seven polarity frac
tions on silica gel to give compound category composition 
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TABLE 2. FUEL COMPOSITIONS 

Test 2 
Test I (NH3 

Fuel Component/Properties (Baseline) Injection) 

Rf'sidual Oil (Weight PeKoent) 

Carbon, C 86.53 86.01 
Hydrogen, H 11.50 12.18 
Nitrogen, N 0.65 0.63 
Sulfur, S 0.47 0.47 
Oxygen, 0 0.71 0.65 

Specific gravity 0.94 0.94 
Higher heating value, MJlkg 43.87 44.49 

(Btuilb) (18,900) (19,170) 
Refinery Fuel Cas (Mole Percent) 

Hydrogen, H 53.09 53.62 
Methane, CH, 28.31 29.70 
Ethane, C,H. 5.94 5.90 
Propane, C,H. 5.33 5.63 
Butane, CJilO 4.39 3.58 
Pentane, C,Ii" 1.57 0.81 
C,+ 0.93 0.29 
N, 0.23 0.24 
CO, 0.20 0.22 
H,5 0.002 0.003 

Specific gravity 0.496 0.455 
Higher heating value, MJ/m' 35.32 32.90 
(Btu/ft3) (948) (883) 
Combined Fuel (Weight Percent) 

Carhon, C 81.90 81.50 
Hydrogen, Ii 16.69 17.03 
Nitrogen, N 0.36 0.37 
Sulfur, S 0.26 0.28 
Oxygen, 0 0.40 0.38 

Higher heating value, MJ/kg 50.06 50.70 
(Btu/lh) (21,570) (21 ,845) 

information [2]. In addition, infrared spectra were ob
tained for the gravimetric residues of the extract samples 
(whole samples and liquid chromatography fractions), and 
mutagenicity and toxicity were evaluated using the Level 
1 Ames mutagenicity and CHO cytotoxicity tests [4]. 

Particulate mass emissions were evaluated with the 
EPA Method 5 extractive system utilizing a EPA Method 
17 in-stack filter. This configuration was selected over 
the conventional EPA Method 5, which relies entirely on 
an out-of-stack heated filter, to ensure that collected solid 
particulate would not be affected by possible contribution 
of ammonium sulfate and bisulfate particle deposition in 
the sampling probe. Particulate emissions were measured 
on the in-stack filter and by the front half EPA Method 5 
catch (probe rinse and filter for solid particulate) and by 
the back half EPA Method 5 catch (impinger section for 
condensible particulate). Both the organic and inorganic 
fractions of the condensible particulate were measured 
using ethyl ether and chloroform extraction of impinger 
solutions. 

Breakthrough ammonia levels were measured by 
passing filtered flue gas through a solution of O.lN hydro
chloric acid to form ammonium chloride. Ammonia levels 
were measured by specific-ion electrodes. The sampling 
system is simi lar to EPA Method 17 with the exception of 
the impinger solutions which contain HCl instead of dis
tilled water. 

TEST RESULTS 

As indicated earlier, the NOr-reduction performance of 
the Thermal DeNO.r Process depends on the reaction tem
perature and the NHaiNO ratio among other filctors. This 
performance was mapped by conducting several short-
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term tests varying NH3/NO molar ratio, hydrogen injec
tion, and oil/gas ratio. For these tests, only continuous 
monitoring or NO.,. and O. was performed. Results are il
lustrated in Figure 1. 

Baseline NO.,. emissions averaged 235 ppm at 3 percent 
0 •. The figure shows that NO ... reduction with NH/NO ra
tio depends on the fuel mixture. The system was less effec
tive at the oil/gas ratio of 56/44 percent heat-imput basis 
than at the lower oil/gas ratio of37/63 percent (more nearly 
the typical operation of the unit and the design basis for the 
NH3 injection grid installed). The addition of hydrogen 
did not improve system performance at the lower oil/gas 
ratio, but resulted in Significant, further NO.,. reduction to 
levels below 100 ppm at the higher oiVgas ratio. This can 
be explained by the fact that firing the higher oil/gas ratio 
led to lower boiler convective section gas temperatures at 
the grid location, thereby decreasing the effectiveness of 
the ammonia alone. Hydrogen injection to shift the tem
perature window for the reduction reaction was effective 
at this higher oil/gas ratio. For both fuel mixtures investi
gated, the NO.r-reduction performance appears to peak at a 
NH3/NO ratio of about 2.5 with little or no additional re
duction gained with further increase in NH3injection rate. 

With this in mind, two test conditions were selected for 
detailed testing and emission evaluation. These two tests 
are denoted in Figure 1 by an "X". The higher oil/gas ratio 
was selected for these tests to increa.e levels of potential 
pollutants (particulate, sulfur, etc.) thus improving the 
detectability levels of the sampling and analytical tech
niques described earlier. It is evident, then, that the low
NO.r operation selected for in-depth emission evaluation 
did not correspond to optimum NO.r reduction perform
ance for which the N H3 injection system was designed and 
is capable of achieving. However, the test is representa
tive of maximum performance for the boiler and N H3 injec
tion operating conditions indicated here. 

CRITERIA AND OTHER GAS SPECIES EMISSIONS 

Flue-gas emissions levels of CO, CO" NO"., sulfur ox
ides, ammonia, gaseous hydrocarbons, and particulate, 
measured during both the baseline and NH3injection tests 
are summarized in Table 3. The NH3 injection rate of 1.53 
f!ls (12.1Ib/hr), corresponding to a NH:/NO molar ratio of 
2.52, resulted in a 41-percent NO ... reduction. CO emis
sions showed no Significant change; however, indications 
of higher gaseous hydrocarbon especially in the C. to C. 
range were recorded. Speculation can only be made as to 
whether these emission increases were due to burner (.'on
ditions (Le., coking of the oil-burner tip requires nozzle 
cleaning at each operating shift), change in fuel properties, 
or quenching of convective-pass flue gas with NH3 carrier 
steam injection. Conclusions with regard to sulfur oxides 
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Figure I. Thermal DeNO, performance on packaged industrial boiler. 
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TABLE 3. CRITERIA AND OTHER GAS SPECIES EMISSIONS 

Pollutant 
Test I 

(Baseline) 
Test 2 

(NHa Injection) 

Corrected Emissions 

NOr' 
CO 
SO, 
SO! 
NH," 
C, 
C, 
Ca 
C, 
C, 
C, 
Total C, to C, 
Solid particulate 
Condensible inorganic 

particulate 
Condensible organic 

particulate 
Total particulate 

As Meas ured By: 

Con tin uous gas 
analyses 

0" percent 
CO., percent 
NO" ppm 
CO, ppm 

Wet chemical 
methods 

SO" ppm 
SO", ppm 
NHa, ppm 

Onsile gas 
chromatography 

C" ppm 
C"ppm 
Ca, ppm' 
C"ppm 
C"ppm 

'C"ppm 

ppm' 

234 
30 
NA 
NA 
II 

2.5 

2.5 

ngll" 

121 
9.5 
NA 
NA 
2.1 

1.3 

1.3 
2.2 

9.5 

2.9 
14.5 

"Runge of NH:a emissions from three .~epar.de nile ~l1S mCilsurements 
/) Range or NH~ emissions from two Sl'!l<Ir<lte HlIe gas Int'asurements 
r Dry ppm lit 3 pert:ent OJ 
d On heat input basis 
~AsNOI 

f As HISO~ 
• Arithmetic ilvem!l:e 
NA - Sample lost in transit 
NI) - Not ddcctcd 

cannot be drawn because of the loss of samples for the 
haseline test. Test 2, SO, and SO, results account for about 
60 percent ofthe sulfur in the fuel with the remainderpos
sibly undetected hecause of ammonium-sulfate fonnation. 

Three NH, samples were taken for each test. Baseline 
levels ranged from 3 to 25 ppm with an arithmetic average 
of 11 ppm (0.23 Ih/hr). During the NH, injection test, 
unreacted NH,emissions ranged from 280 to 600 ppm with 
an arithmetic average of about 430 ppm (8.4lh/hr). The lev
els of baseline NH, emissions were surprising in that no 
NH,was injected in the Hue gas during this test. However, 
since some carrier steam was Howing during the haseline 
test, it is possible that some residual NH, was injected in 
the Hue-gas stream causing a minor breakthrough as well 
as a possible reduction in NO,. This explanation is highly 
speculative at this time. Selective ion-electrode analysis of 
EPA Methods 5 and 17 impinger solutions also indicated a 
high concentration of NH", corresponding to a stack con
centration of about 6 ppm (0.12Ib/hr) for haseline and 360 
ppm (7Ih/hr) for the NH, injection test. These results tend 
to support the NH, levels measured with the NH, 
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2.6 2.5 
11.7 1.6 
239 141 
31 24 

NA B2 
NA 13 

3-25" 2BO-6(XJ' 

NO O.B 
NO 0.6 
2.6 NO 
NO 6.2 
NO 5.1 
NO 5.0 

Ib/lO' Btu" ppm nglJ Ib/IOS Btu 

0.2B 137 75 O.IB 
0.02 2.1 7.B 0.02 

NA BO 57 0.13 
NA 1.1 II 0.03 

0.0005 430 BI 0.19 
O.B 0.15 0'(J003 
0.6 0.21 0.0005 

0.003 
6.0 3.2 0.007 
5.0 4.3 0.010 
4.9 5.0 0.012 

0.(J03 17.0 \.1.0 0.030 
0.005 2.6 0.006 

0.022 IB2 0.42 

0.007 1.1 0.003 
0.034 IB4 0.43 

sampling system (11 ppm for baseline and 430 ppm for the 
low-NO., tests), keeping in mind that the Hel solution of the 
NH,sample is more effective in trapping NH,than the dis
tilled water of EPA Methods 5 and 17. 

Since it requires one mole of NH, to decompose one 
mole of NO to N, and H,O, a reduction of32 nwI (3.4lb/hr) 
of NO, as mea~ured in Test 2, would require 18 nwI (1.9 
Ih/hr) of NH,. This would leave about 95 nwI (10 Ib/hr) of 
NH, unreacted, which should he the upper limit of NH, 
b~eakthrough. This assumption is based on a gas tempera
ture at the injection /.,rrid sufllcientIy low that the rate of 
N H" oxidation would he inSignificant. A low gas tempera
ture at the injection grid was evident from the interpreta
tion of the hydrogen-injection data shown in Figure 1. 

Total particulate matter during the N H, injection test in
crea~ed by more than one order of magnitude. The largest 
contribution to this increase was from the inorganic con
densate matter collected in the impinger section. This re
sult can in part be explained by ammonium sulfate and bi
sulfate formed either in the stack or through the particulate 
sampling system that would tend to collect in the cooled 
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300K (80°F) impinger section. The organic condensate 
matter was the only portion of the total particulate that 
showed a decrease. 

ORGANIC ANALYSIS RESULTS 

The results of the organic analysis of SASS samples are 
shown in Table 4 by boiling-point ranges: 370 to 570K(210 
to 570°F) by total chromatographable organic analysis and 
greater than 570K (570"F) by gravimetry. The results indi
cate nearly a factor of 5 higher total organic emissions for 
the haseline test. This was due to a much higher propor
tion of gravimetric organics. 

Infrared spectra of the gravimetric residue of the filter 
and XAD-2 extract suggested the presence of aliphatic hy
drocarbons and alcohols for both tests . 

The XAD-2 extract of Test 1 which contained the highest 
organic content was subjected to liquid-chromatography 
separation. Results of this fractionation combined with in
frared analysis of the gravimetric residue of sample frac
tion suggested that, of the 1.2 mgldscm of organic matter, 
ahout 70 percent is aliphatic hydrocarbons, 20 percent is 
alcohol, and 10 percent is carhoxylic acids. Gas 
chromatography/mass spectrometry analysis of sample ex
tracts was perii>rmed to determine the 58 semivolatile or
ganic priority pollutants. Of these, the only ones detected 
were naphthalene, phenanthrene, ~md phenol. The con
centration of these compounds in the exhaust gas was gen
erally less than Ip.gldscm, or two to three orders of magni
tude lower than the total organic meas ured with TCO and 
gravimetric analyses. 

INORGANIC ELEMENT ANALYSIS RESULTS 

Results of SSMS and AAS analyses of Hue-gas samples 
indicate that inorganic trace elements are not affected hy 
NH. injection. Major elements having Hue-gas concentra
tions exceeding 50 mgldscm for both tests included sulfur, 
copper, nickel, silicon, titanium, vanadium, zinc, potas
sium, cohalt, Huorine, and iron. These emissions are most 
likely the resultof: 1) inorganic elements introduced in the 
fuel (primarily fuel oil); or 2) erosion of metal surfaces by 
hot comhustion gases in the hoiler passes, including the 
NH, injection grid, or sampling e(luipment. 

BIOLOGICAL ASSA Y RESULTS 

Clear identification of biological activity of the XAD-2 
sorhent extract was generally hindered hy insufficient 
(I'HlIltitiy of sample. However, hoth the mutagenicity in 
the Ames biOlL~say and the toxicity in the CHO assay were 
considered to he moderate or less lilr hoth tests. 

CONCLUSIONS 

Emission results obtained in this test program indicate 
that N H. injection via noncatalytic reaction at elevated 
temperatures is effective in reducing NOr by 40 percent or 
more. The degree of control depends on the fuel mixture of 
refinery gas and oil as this affects the temperature at the 
injection-grid location. Operation of the boiler with a fuel 
mixture at or near that for which the application was de
signed (70 percent gas/30 percent oil) will result in NO.r re
duction exceeding 60 percent. Deviation in fuel mixture or 
reduction in boiler neat input requires H2 injection to 
maintain system performance. Unreacted breakthrough 
NHaemissions can be significant if the fuel mixture devi
ates from the optimum. NHa emissions measured in this 
program offset the benefit of NOr reduction. However, it 
is likely that utilization of H, injection or a higber gas/oil 
ratio would have resulted in a much lower NHa break
through at constant NH3/NO. The environmental impact 
ofN Ha injection on other organic and inorganic emissions 
was not significant. 
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Papermill Wastewater Treatment 

Can the treatment of industrial and municipal wastes be combined in a single 
joint facility? Here is one answer based on actual experience in Brewer, 
Maine. 

Jerry D. Lowry and Joseph Chwirka, University of Maine, Orono, Maine 04469 

In the early 1970' s the City of Brewer, Maine, and Eastern 
Fine Paper Co. agreed to construct a 7.9 m3/min (3.0 mgd) 
joint secondary wastewater-treatment facility to treat their 
wastewaters prior to discharge into the Penobscot River. 
The conventionally designed treatment plant included 
course screening for both wastewaters, grit removal and 
comminution lor the municipal wastewater, and mixing of 
the two wastewaters prior to joint primary and secondary 
treatment by the completely mixed actIvated-sludge pro
cess. The joint treatment facility exhibited extremely poor 
perfonnance during the first four years after startup in No
vember, 1975. During that period the major performance 
problems were related to the predominance of filamen
tous bacteria in the activated-sludge process. Classic 
bulking-sludge problems resulted in massive solids losses 
from the process, unstable operation, and repeated viola
tions of discharge requirements in tenns of suspended sol
ids (SS) and biochemical oxygen demand (BOD), Early ef
forts to eliminate the operating problems were generally 
unsuccessful, making control of the process extremely 
difficult and satisfactory opera}ion impOSSible. 

As a result of federal and state regulatory pressure in 
1979, the senior author was employed by the city and in
dustry to evaluate the perfonnance difficulties and to es
tablish a stable operation at the facility. Over a period of 
approximately two years major design and operational 
changes were implemented to enable the treatment plant 
to consistently meet discharge standards. The purpose of 
this paper is to summarize the design and operation 
modilications implemented and to describe several im
portant aspects of treating fine-papermaking wastewater. 
Several of the design and operational modifications that 
were necessary to achieve proper operation are well docu
mented in the literature and, therefore, are not described 
in detail in this paper. These include supplemental nitro
gen (N) and phosphorus (P) addition, maintenance of 
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proper dissolved-oxygen(D.O.) {!oo<!entrations in the aera
tion basin, and adequate staffing for process operation and 
control. Other important aspects of treating fine
papermaking wastewater, which are not well recognized, 
were established in the field and laboratory and are the 
basis for the major emfhasis of this paper. They include 
the effects of papennil dumping events on the, activated
sludge process, primary sedimentation-basis stratifica
tion and shortcircuiting, and the effects of papennill clay 
buildup in the mixed liquor suspended solids (MLSS). 

PROBLEMS WITH CONVENTIONAL DESIGN AND OPERATION 
APPROACH 

The extremely poor perfonnance of the treatment facil
ity during the first lour years of operation can be attrib
uted to the fact that the plant was designed as a conven
tional municipal treatment facility, with BOD and SS 
loading being based on average-day figures for the com
bined wastewater. Beyond the average-day Row, BOD, 
and SS loading contributed by the mill, minimum consid
eration was given to the true character and loading varia
tion associated with the fine-papermaking wastewater. In 
addition, it wa~ a~sumed that the excess Nand P in the mu
nicipal wastewater would be sufficient to offset the 
nutrient-deficient mill wastewater. 

To understand the mistakes of not properly considering 
the important differences between domestic and indus
trial wastewater, it is useful to contrast the overall charac
teristics of each. Domestic wa~tewater loading is very 
consistent, and conventional process designs have 
evolved through experience over the years to handle nor
mal diurnal variations. Properly designed and operated 
municipal facilities typically experience few problems, re
quire Single-shift operational staffing, and are opera
tionally stable. Fine-papermaking wastewaters from rela-
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tively small mills are generally without any predictable 
diumalloadinglattem. Flow, BOD, and SS fluctuations 
are extreme an result from process changes associated 
with making paper. Sporadic short-term dumping events 
occur as a result of color changes, boilouts, washups, and 
mistakes associated with operating the process tanks and 
paper machines. These dumps can easily upset a relatively 
high-rate biological treatment process like activated 
sludge, if proper design and operational measures are not 
implemented. As a minimum, a detailed wastewater char
acterization is necessary to adequately define the limits of 
the short-term diurnal flow, BOD, and SS variations asso
ciated with a fine-papermaking wastewater. 

Existing Problems 

As a result of using a conventional municipal-plant de
sign based upon limited average daily BOD and SS data, 
the following problems existed at the Brewer joint
treatment lilcility at startup: 

l. Nitrogen deficiency in aeration hasins during higher 
than average BOD loading; 

2. Phosphorus deficiency in aeration hasins during 
higher than average BOD loading; 

3. Insufficient operational staffing for monitoring and 
response to industrial-wastewater loading; 

4. Dissolved-oxygen deficiency in aeration hasins dur
ing high loading events due to lack of monitoring stall· 
and manually-controlled aeration/D.O. system; 

5. Difficulties in primary solids handling during high 
SS loading from the mill. 

Bulking-sludge and the other process-control prohlems 
that occurred during the first four years were a result of 
the deficiencies listed ahove. Process operation was 
controlled hy the character of the industrial wastewater 
and not hy the operating personnel. The hiological process 
would deteriorate as a result of the short-term extreme
loading events created hy mill dumps. These dumps typi
cally last from 30 min to over 90 min. The worst loading 
usually occurs in less than 30 min and is f()lIowed hy a 
large volume of washwater. Many dumping events were 
followed hy the rapid estahlishment of filamentous bacte
ria in the MLSS and the severity of hulking-sludge condi
tions could he qualitatively correlated with the frequency 
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of dumping events from the mill. When long runs were 
made on the paper machines fewer problems were experi
enced; however, independent operation of the three paper 
machines usually resulted in relatively short periods of op
eration in which dumps did not occur. The frequency and 
character of the papermill dumps are discussed later. 

The general response of the activated-sludge process to 
the type of loading and fundamental deficiencies de
scribed above is illustrated in Figure l. Using the Sludge 
Volume Index (SVI) as an indicator of the severity of 
bulking-sludge conditions, it is clear that the erratic MLSS 
losses caused by bulking sludge (high SVI) made stable 
operation impossible. The erratic up-and-down nature of 
the SVI and MLSS, which was typical during the first four 
years of operation, was simply a response to the widely 
fluctuating aeration-basin environment caused by the 
fundamental deficiencies outlined previously. The er
ratic organic loading created by the papermill dumping 
events is reflected clearly in Figure 2, which is a plot of 
MLSS nitrogen concentration vs. time. These data reflect 
the erratic organic loading that resulted in nitrogen 
deficiencies at times and excess nitrogen at other times. 
During summer months the presence· of nitrate from the 
nitrification of excess ammonia indicated that, for average 
conditions, supplemental nitrogen was not required. 
However, Figures 1 and 2 illustrate the result of incor
rectly using average data for the design of a joint or indus
trial activated-sludge process. While not presented graph
ically, the relationships for P and D.O. were similar to 
those shown in Figure 2 for nitrogen. In the case of D.O., 
deficiencies occurred because the process operation was 
monitored fi)r only 8-hours each day. 

DESIGN AND OPERATION MODIFICATIONS TO ACHIEVE 
EFFLUENT STANDARDS 

The original operation and the modifications that were 
necessary to achieve secondary effiuent standards are 
compared in Tahle l. The original or past operation setup 
is very typical of conventionally deSigned domestic or mu
nicipal wastewater-treatment plants; however, due to the 
impact of the papermillioading the activated-sludge pro
cess was not able to meet eflluent standards. In contrast, 
the modified design and operation reflects the special 
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Figure I. Typical activated-sludge process performance prior to design and operation modifications. 
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Figure 2. Typical aeration-basin nitrogen fluctuation prior to ammonia addition. 

considerations associated wit~ th~ fine-paper-making 
wastewater. With these modificatIons the achvated
sludge process can operate successfully. 

The modifications shown in Table 1 were implemented 
over a period of approximately 18 months. As modifica
tions were made, data were evaluated to detenmne what 
additional modifications ~~re required. The first 
modification was the addltton of bulk anhydrous
ammonia and phosphoric-acid facilities f~r supplem~ntal 
Nand P addition. Given the extreme loadmg fluctuahons 
present in the mill wastewater, proper addition ofN and P 
requires an around-the-clock monitoring program. Thus, 
the labor expenditure was increased significantly over the 
original operation. The importance of monitoring the aera
tion basins for N every hour and for P every SIX hours has 
been demonstrated over the past two years. In additi~n to 
providing nearly continuous nutrient monitori?g of the 
activated-sludge process, the 24-hr staffing has \1npro~ed 
sludge dewatering operations and allowe? the operatmg 
personnel to respond to the extreme-Ioadmg events from 
the mill at all times. Prior to 24-hr staffing, proper D.O. 
control could not be achieved during 16 hours of the day. 
The design ofthe mechanical aeration equipment does not 
allow fi)r a flexible and efficient operation. 

Twenty-Four-Hour Monitoring 

After approximately six months of operation unde~ con
ditions of 24-hr staffing and excess N, P, and D.O. It be
came obvious that, while a vast improvement in operation 
had been realized, the activated-sludge process could not 
handle the extreme-loading events from the mill at all 
times. At this point it appeared that the process could meet 
standards approximately 50%ofthe time. Even in the pres
ence of excess N, P, and D.O., filamentous hactena 
caused hulking-sludge prohlems during and alter frequent 
mill dumping events. In addition, the periodic huildup of 
clay in the activated sludge al}peared to cause a 
defloccnlation of the MLSS when t le volatile suspended 
solids (MLVSS) dropped helow ahout 55% of the MLSS. 
Although improved operation was achieved hy correcting 
the obvious deficiencies in the process operation, it was 
clear that the papermill wastewater loading continued to 
cause the activated-sludge process to perfimn in an unsta
hIe fashion. 

The remaining modifications to the plant design and 
operation were directed at minimizin~ the. impact of the 
fine-papermaking wastewater and nmxlllllzlllg the Impact 
of domestic wastewater, thus shifting the operation toward 

TABLE I. COMPARISON OF PAST AND PRESENT OPEIlATlON 
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Il-hr shilt 
5-day week 

Past 

Combined wastewater 
sedimentation 

I. No nutrient additioll---Of incor
rect addition 

" D.O. monitoring insufhcient 
3. Bulking-sludge problems 

Less solids due to losses to river 

Not able to meet emuent 
standaf(ls 

Approximately $300,OOO/yr 

August, 1983 

Item Compared 

Staffill{!, 

Primary System 

Sew",lary System 

Solids HllIllllill{!, 

Eff/uell t Quality 

Cost 

Prc.'scnt 

24-hr 
7-day week 

I. Polymer addition 
2. City hy-pass 
I. Nitrogen system 
2. Phosphorlls systl'm 
3. Fre'l"ent D.O. monitorin/( 
4. Frequent N monitoring 
S. Frc(llIcnt P monitoring 
6. Prul)erly settlin/( adivated 

slll( gc 
1. Increased solids dllt.' to prop('r 

operation 
2. Primary solids aided hy poly

mer addition in primary 
Able to meet eHluent stalldards 

Approximately $600,IK)O!yr 

Environmental Progress (Vol. 2, No.3) 



a more stable mode. The papermill wastewater is nutri
tionally deficient and almost entirely carbohydrate in 
character, while the domestic wastewater is nutritionall) 
rich and a more balanced mixture of carbohydrate, protein, 
and fat. The logic behind an attempt to minimize the high 
carbohydrate content of the wastewater goes back to quali
tative observations of the undesirable efiects of carbohy
drates noted early in the development of the activated
sludge process [1]. The achieve a reduced impact from the 
mill, the municipal wastewater is by-passed around pri
mary sedimentation and sent directly to the mixing chan
nel feeding the aeration basins. In addition, a polymer. 
feeding system has been installed at the papermill so that 
the mill wastewater receives separate polymer-aided pri
mary sedimentation. These two modifications have effec
tively converted the activated-sludge process from an un
stable operation to a relatively stable one which is less 
subject to the extreme-loading events Irom the mill. The 
response of the effluent (Iuality to the design and opera
tion modifications is shown in Figure 3, which is a plot of 
effluent SS before and after the implementation of 
modifications. These data illustrate the increased process 
stability achieved by minimizing the impact of the 
papermill wastewater. 

With all of the modifications shown in Table 1, the treat
ment facility appears to b~ capable of meeting effluent 
standards more than 90% 01 the time. The plant is still not 
as stable as a municipalliwility and is subject to changes in 
operation at the papermill. Periods 01 mill operation which 
cause many dumping events per day will upset the 
activated-sludge process and cause infrequent bulking 
sludge. In summer months, nitrification occurs and Ire
quent short-term denitrification periods are created by ex
treme fluctuations in soluble organic and hydraulic load
ing Irom the papermill. This activity can cause high 
effluent SS at times; however, it is not considered a major 
problem. 

Cost Reduction 

It is significant to note the increase in operational costs 
that has been incurred with proper operation of the facil
ity. The original design should have considered these 
higher costs in the evaluation of alternative treatment 
technologies for the papermill wastewater. The selection 
of a relatively high-rate treatment process, with its inher
ently high monitoring and operating costs, appears to be a 
poor one. The character of the fine-papermaking 
wastewater requires significant load damping and 
efficient N, P, and D.O. addition, all of which can be 
achieved using aerated-lagoon technology. By using sepa-
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rate treatment facilities, the total labor cost could be mini
mized and the long-term operational costs reduced. By not 
accurately anticipating the high operational cost associa
ted with a high-rate joint treatment plant deSign, the im
portance of a lower initial capital cost of a joint-treatment 
facility has been overemphasized. It is the long-term 
operational costs that the city and industry will have to 
bear which makes the application of joint treatment incor
rect in this case. 

The remainder of this paper is devoted to the presenta
tion of information derived from a field study at the treat
ment facility and laboratory research conducted on field 
observations. The topics covered are: 1) the ability of the 
activated-sludge process to handle the extreme papermill 
loading events from the mill, 2) primary sedimentation
basin short-circuiting, and 3) the effects of papermill clay 
buildup in the MLSS. The findings in these three areas 
should have general application to other joint or industrial 
activated-sludge processes treating fine-papermaking 
wastewater. 

ABILITY OF ACTIVATED-SLUDGE PROCESS TO HANDLE 
PAPERMILL LOADING EVENTS 

A major part of the field study was devoted to 
determining the ability of the activated-sludge process to 
handle extreme loading from the papermill. An extensive 
characterization of mill loading was carried out over a 
three-month period for SS, total and soluble chemical oxy
gen demand (COD T and CODs), and starch. The re
sults are shown in Table 2. The maximum loading values 
were the highest 4-hr averages that occurred; however, 
further work showed that these maximum events generally 
occurred in less than 1 hour, giving true maximum loading 
peaks of 10-20 times the daily average, depending on the 
parameter in question. Suspended-solids data showed the 
most extreme variation, reflecting the intentional or acci
dental dumping of stock from process tanks in the mill. In 
conjunction with the characterization of mill wastewater 
the mill operating log was correlated to all loading peaks to 
establish the types of events that had the most impact on 
the treatment facility. In general, high-loading events from 
the three paper machines occur about once very two days 
on an average basis; however, multiple events can occur 
on a single day, several times per week. The range ofload 
variability is dramatic, with the worst events being caused 
by boil outs, washups, and the dumping of large stock 
tanks. The character of each dump is unique. Some have 
high SS and soluble organics, while others have only one 
of these two parameters in high concentration. The SS dis
charged average about 50% organic (fiber) and 50% inor-

MAR. 
5 

APR. 

Figure 3. Effluent·quality response to design and operation modifications. 
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TABLE 2. SUMMARY OF WASTEWATER CONSTITUENTS 

( 1118/80-4/10/80) 

Wastewater 
Constituents 
4-hr averages 

Concentration 
mglL 

Min Avg Max 

Loading 
Ibid 

Min Avg Max 
------------

Suspended solids 119 791 4,793 818 5,863 31,128 
Total COD 200 1,393 6,750 1,416 10,311 43,801 
Soluble COD 125 520 1,320 956 3,856 10,994 
Starch 10 250 800 64 1,846 6,390 

Min Avg Max 
------

Flow, MGD 0.389 0.845 1.513 
Note: Ib x 0.454 = kg 

ganic (clay). Most loading events occur with high flow, ex
treme pH, and elevated and/or fluctuating temperature. 

The ability of any joint activated-sludge process to treat 
a fine-papermaking wastewater is dependent upon two 
factors: 1) the effectiveness of the primary sedimentation 
basin to buffer the process from the industrial wastewater, 
and 2) the relative magnitude of wastewater strength from 
the industry vs. the city. The second factor determines the 
degree of industrial wastewater damping that is provided 
by the municipal wastewater and is unique to each facility. 
At the Brewer joint-treatment facility, separate polymer
aided primary sedimentation of the industrial wastewater 
provides an average of88% reduction ofSS, 50% reduction 
of COD, and 35% reduction of BOD. After primary treat
ment the mill wastewater has the average characteristics 
summarized in Figure 7, and is mixed with the raw munici
pal wastewater, also summarized in Figure 7. As discussed 
earlier, this operational scheme minimizes the impact of 
the fine-papermaking wastewater on the biological pro
cess. The combined loading to the aeration basin is actu
ally greater with the modifications, but the character of 
the wastewater is much more amenable to treatment. 

Primary Sedimentation 

The effectiveness of primary sedimentation to damp the 
millloadi ng is a function of several factors. The sedimenta
tion process is not effective in reducing soluble-organic 
loading, which is why the majority of high COD T loading 
events are not damped Significantly. Only in the minority 
of dumps, where the CODs loading is low and the SS are 
high, does the process almost completely buffer the aera
tion system. A factor which is very important is the short
circuiting and gassing that periodically occurs in the pri
mary tank. This subject is discussed in detail in the next 
section. 

High soluble COD loading occurs in about 50% of the 
mill dumps and causes the highest BOD and associated ox
ygen and nutrient demands in the aeration system. If D.O. 
and nutrient residuals are not maintained in the aeration 
basin during these dumps, filamentous bacteria will in
crease. If the activated-sludge process is nitrifying, the low 
D.O. concentrations that may result from the high CODs 
loading will result in increasing sludge (denitrification) 
problems in the final clarifiers. Dumps which contain 
high SS without high CODs usually do not cause high ox
ygen and nutrient demands, indicating that the SS are bio
logically inert, or very slow to degrade. Frequent and se
vere dumps of this type, accompanied by short-circuiting 
through the primary system, can create a solids-handling 
problem in the primary and secondary processes. Exces
sive amounts of inert SS in the MLSS can cause adeteriora
tion in the ability of the activated sludge to flocculate. A 
high clay content in the MLSS appears to cause poor 
flocculation which, once established, can last for periods 
of several weeks or longer. 
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It is difficult to exactly assess the ability of the 
activated-sludge process to handle the extreme-loading 
events from the mill because the wastewater is mixed with 
raw municipal wastewater prior to the aeration basins. An 
extensive investigation of mill loading vs. aeration-system 
loading was conducted to: 1) determine the ability of the 
primary system to buller the biological process, and 2) to 
estimate the impact of mill loading events on the stability 
of the activated-sludge process. Aeration-system loading 
data collected over a four-month period are summarized in 
Table 3. As discussed previously, the activated-sludge 
process, with all the modifications implemented, is capa
ble of treating the mixture of raw municipal and primary 
settled industrial wastewater in a reasonably stable f'lsh
ion. Effluent standards can be met for approximately 90% 
of the time. 

The remaining residual problems that occur at the treat
ment facility are a function of the effectiveness of the pri
mary system to buffer the aeration system from excessively 
high SS loading. The activated-sludge process appears to 
be capable of handling the soluble-organic loading associ
ated witb most dumps, so long as frequent monitoring ofN, 
P, and D.O. is performed. It is the SS loading that is most 
capable of upsetting the biological process and, while the 
primary system appears to be an adequate buffer on the av
erage, there are certain mill-loading events which pass 
through it virtually untouched. Figure 4 is a histogram of 
4-hr-average primary-effluent (industrial-wastewater) SS 
concentrations over a three-month period. The distribu
tion of samples is skewed to the right by mill-loading 
events wbich were not effectively treated by primary sedi
mentation. This type of short-term deterioration can upset 
the biological process and, if frequent, can cause the pro
cess to be unstable. 

PRIMARY SEDIMENTATION-BASIN SHORT-CIRCUITING 

For average conditions the primary sedimentation sys
tem removes 88% of the SS contained in the fine
papermaking wastewater. However, certain mill dumps 
pass through the primary system virtually untouched. 
These are ones containing primarily soluble COD and 
ones that cause severe short-circuiting of wastewater 
through the primary basin. The latter type of dump is illus
trated by the high S5 events shown in Figure 4. These pe
riods of high SS loading are detrimental to the activated
sludge process and, if frequent, can cause unstable 
operation and violations of effluent standard~. During cer
tain high-temperature dumps, the primary tank quickly 
stratifies and direct short-circuiting occurs across the top 
layer of the basin. The polymer is effective in causing 
flocculation, but the SS do not settle because of the hy
draulic extremes caused by the dump itself and 
stratification within the basin. The short-circuiting is usu
ally followed by degassing in the bottom portions of the ba
sin, which lifts additional SS to the tank surface and over 

TABLE 3. SUMMARY OF AERATION SYSTEM LoADING 
(2118/80-616/80) 

Parameter 
4-hr averages 

Suspended solids 
Total COD 
Soluble COD 
Starch 

Flow, MGD 

Concentration 
mglL 

Min Avg Max 

14 107 445 
140 378 1600 
114 260 1300 

7 280 
Min Avg Max 

0.756 3.016 7.248 
Note: Ib x 0.454 = kg 

Loading 
Ibid 

Min Avg Max 

267 2655 16,470 
2645 8640 23,120 
1842 5984 15,810 
272 7,683 
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Figure 4. Histogram of primary.effluent suspended·solids cancentratian. 

the weir. In most causes the deterioration lasts from 4 to 12 
hours . It is important to note that short·circuiting ofthe pri· 
mary occurs during the worst loading conditions: 1) high 
SS, 2) high CODT and CODs, 3) high or low pH, 4) high 
starch, or 5) all of the parameters or a combination of 
several. 

In an attempt to understand the primary-basin short· 
circuiting problem, 45 dumping events were evaluated 
over a three· month period. Of these, 38 showed some evi
dence of short·circuiting through the primary basin. The 
worst primary· process deterioration was associated with 
boilouts and high-temperature washup dumps. Thus, the 
primary system does not adequately buffer the aeration 
system from the worst loading, even though it appears to 
be very efficient when evaluated on an average basis. 

Based on observations made while monitoring several of 
the 45 dumps from the mill, it appeared that temperature 
was a key factor in the short·circuiting problem. Several 
specific dumps were monitored in greater detail and tem
perature profiles of the primary basin were recorded. The 
results of one dump event are illustrated in Figure 5. 
Short-circuiting began immediately with an increase of 
temperature, and high velocities were noted on the top 15 
to 30 centimeters of the tank surface. A gas release was 
noted when the center well temperature reached 43°C and 
large pieces of agglomerated sludge appeared at the sur
face and washed over the weir. As shown in Figure 5, the 
characteristics of the short·circuiting wastewater were ex· 

SHORT CIRCUIT 55' 1210 moIL 
ZONE - COOT' 1600mglL 

HIGH VELOCITY COIls' 680moIL 
STARCH' 150 + moIL 

29°C 

Figure 5. Example of primary·basin short.circuiting during a dumping 
event. 
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treme in terms of SS and organics. Since the values given 
represent 4-hr averages and the actual peak loading 
occurred in less than one hour, the aeration feed was actu
ally much more extreme for a shorter period of time. 

An additional investigation was conducted in an attempt 
to determine the role of temperature in the short·circuiting 
problem. Continuous whitewater temperatures were reo 
corded and compared to the primary effluent SS but, be· 
cause of the relatively long sample duration of 4 hours and 
the complexity of the problem, little could be concluded 
from the study. Figure 6 is a sample plot of whitewater 
temperature during a period in which a boilout dump 
occurred. The dump event is well defined and caused the 
whitewater temperature to rise approximately 33°C (59°F) 
over a 1·2 hours period. Not all dumps with elevated tem
perature caused short-circuiting to occur, and it is believed 
that the relative temperature of the whitewater vs. the ini
tial temperature of the primary basin prior to the dump is 
an important factor. 

As long as dumping events are not too frequent, the 
activated-sludge process can handle periods of short
circuiting through the primary system. When dumping be
comes frequent, the treatment-plant operator has some 
flexibility in being able to alternate between two primary 
sedimentation basins, each of which has ample capacity to 
treat the fine-papermaking wastewater. Some evidence 
exists to suggest that a reduce primary sedimentation vol
ume is less prone to the temperature-induced short
circuiting and degassing problem, and the operating per
sonnel are working on procedures to minimize its impact 
on the activated-sludge process. 

EFFECTS OF PAPERMILL CLAY BUILDUP IN MLSS 

An important aspect of treating fine-papermaking 
wastewater with the activated-sludge process is the 
bUildup of papermill clay (kaolin) in the MLSS. At the 
Brewer joint-treatment plant, clay buildup has been noted 
to cause a severe deterioration in MLSS flocculation 
when the ash content of the M LSS increases to 40-50% or, 
conversely, the MLVSS decreases to 50-60%. To under
stand the buildup of the biochemically inert day in the 
MLSS, the concepts of material balance; biological-solids 
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Figure 6. Example of whitewater-temperature variation for Q dumping event. 

production, and mean cell-residence time must be applied 
to steady-state analysis of the activated-sludge system. 
The extensive wastewater characterization and process
analysis data a~sociated with the consulting work at the in
dustry and treatment facility provided a sufficient data 
base to make an accurate annual steady-state analysis of 
the Brewerjoint plant for 1980. The activated-sludge anal
ysis is illustrated in Figure 7. The primary treated indus
trial wastewater and raw municipal wastewater are the in
puts and the measured effluent. and waste activated 
sludge 55 are the outputs of the process. A complete-mix, 
activated-sludge model after McKinney (2) was used to 
theoretically evaluate the process, given the characteris
tics of the combined wastewater shown in Figure 7. This 
model was selected because it takes the inert-solids 
buildup into account and, therefore, is applicable for 
wastewaters containing 5S which are not completely 
biodegradable. Most of the other activated-sludge models 

PAPERMllL WASTEWATER BREWER RM WtlSl(WAT!R 

FLOW 0.918 MGO FLOW 2 1.89 MGO 
800 5 3679 L8/D 
55 5519 LB/D 
COO T 11,232 LB/D 
COOs 4790 LB/D 

55 1700 LelD 
BODS 1900 LBID 
COOT 3600 LB/D 
COOs 1210 LB/D 

are limited in this regard and are not useful "uthe majority 
of practical wastewater applications. As indicated in Fig
ure 7, the theoretical steady-state analysis is in good agree
ment with the actual data collected at the plant. 

The details of the theoretical steady-state analysis are 
presented in Figure 8, where all four mass fractions 
comprising the ML5S are shown as a function of the sludge 
turnover time (mean cell-residence time). The analysis re
sults shown are theoretical and are based upon the input 
combined wastewater characteristics shown in Figure 7. 
The actual process operated at ,m average sludge-turnover 
time of5 to 7 days and had an average MLSS concentration 
01 approximately 2400 mglL. For these average conditions, 
the MLSS was comprised of28%active mass (living cells), 
14% endogenous mass (cell residue), 33% inert organic 
mass (primarily paper fiher) , and 25% inert organic mass 
(primarily from the huildup of inHuent inorganics). The 
most important relationship to note in Figure 8 is the 

CCHBINED WASTEWATER 
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PRIMARY SLUDGE 

55 E 4909 L8/D 
COOT" 5672 LB/D 
80°5 " 1289 L8/D 

FLOW 
BODS 
COD T 
COOs 
SS 
vss 

BIODEG. VSS 
NON-SIODEG. VSS .... 

2.80 
4190 
9160 
6000 
2370 
1700 
580 

1120 
$10 

EFFLUENT 55 + WASTE 
MGO ACTIVATED SUJO<E; 
LB/D ACTIVATED 

~:~g ..... ACTUAL • 3160 L91D 

SLUDGE 
-. CALCULATED· 3190 lB/D 
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Figure 7. Annuol material balance and theoretical solids output of the activated·sludge process. 
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Figure 8. Theoretical steady-state operational analysis of the activated-'sludge process. 

nearly direct increase of inert SS as a function of increased 
sludge-turnover time. Beyond about 3 days, the process 
would theoretically be able to remove essentially all the 
input BOD and, because of endogenous decay, the active 
mass does not increase proportionately with increased 
sl udge-turnover time. The concepts shown in Figure 7 and 
8 are for average steady-state conditions and do not illus
trate the effects of increased SS input caused by periods of 
frequent primary-system short-circuiting during mill 
dumps. Solids from the papennill are largely inert in the 
activated-sludge process and consist of fiber (organic) and 
clay (inorganic). The buildup of these influent SS in the 
MLSS is proportional to the product of influent concentra
tion and the ratio of sludge-turnover time, t" to aeration 
time, t: 

and, 

M' t, 
linr X t 

MiilnrX~ 
t 

where: Milnr = the concentration of inert organic SS in 
the aeration-system influent 

Miiinr= the concentration ofinert inorganic SS in 
the aeration-system influent. 

Since the inert-solids input from the municipal 
wastewater is relatively constant, the mill dumps of SS 
cause the major fluctuation of the inert-solids fraction in 
the MLSS. With excessive mill-dumping and short
circuiting problems in the primary it is possible to build 
the inert-solids fraction of the MLSS to a point where the 
biologically produced solids and associated biopolymers 
are not sufficient to produce good flocculation. This phe
nomenon occurred frequently prior to the implementation 
of the design and operation modifications. With current 
operating conditions the problem is less frequent; how
ever, the possibility of clay buildup still exists. When ex
cessive clay buildup occurs, the inert inorganic mass (ash) 
content can comprise up to 50% of the MLSS (see Figure 
8). At approximately 5.'5% MLVSS, the activated sludge ex-
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hibits extremely poor flocculation and a complete deterio
ration in process stability. At MLVSS of 55% to 65%, the 
floc size is very small and poorly developed. For the aver
age conditions show!l in Figure 7 and 8, the M LSS is about 
75% and flocculation is usually very good. If inert-clay 
buildup reaches the point of complete deterioration in 
flocculation, it usually takes an inordinately long period 
to recover a stable process. One occurrence of this phe
nomenon required about two months of recovery time. 

Excessive Clay Buildup 

The consequences of allowing excessive inert-clay 
buildup to occur make it important to fully understand the 
problem. In an attempt to define some fundamental rela
tionships in this regard an in-depth laboratory investiga
tion was conducted over a period of 12 months. Batch 
activated-sludge units were studied at steady-state opera
tion for a wide range of MLSS clay content to determine 
the effects of the papennill clay on the flocculation pro
cess. A special settling chamber was used to photograph 
the extent of flocculation os. time using high-contrast 
black/white and color film. The results of the laboratory 
flocculation studies correlated very well with the field 
observations at the Brewer joint-treatment plant and the 
current biopolymer theories on flocculation and sludge de
watering in the literature [3]. A detailed discussion of the 
laboratory research is beyond the scope of this paper; how
ever, an example of the effects of excessive clay buildup in 
activated sludge is shown in Figure 9. The sequence of 
photographs of MLSS flocculation with and without clay 
clearly illustrates the effect on floc size and settlability 
which was noted in the field. The photograph of the 
MLSS with clay show a poorly flocculated but rapid
settling heavy sludge and a Significant amount of pinpoint 
floc left in the supernatant. The pinpoint floc was charac
teristic of the high inert-solids MLSS and did not settle 
rapidly enough to be removed in a secondary sedimenta
tion basin. In contrast, the MLSS without clay buildup ex
hibited extremely good flocculation, with the growth of 
large floc in less than one minute and proper settling 
characteristics. 
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Sequence,) : MLSS , 3900 m9/1 ; MLVSS • 911 

Sequence b) : "LSS , 3300 mg/1 : MLVSS • 42% 

Figure 9. Photographs of MLSS flocculation after 0, IS, 30, and 60 sec; 
Sequence a) without clay, MLSS = 3900 mglL, ML VSS = 91 %; Sequence 

b) with clay buildup, MLSS = 330 mglL, MLVSS = 42%. 

As demonstrated by the field and laboratory studies, it 
is important to limit the amount of clay entering an aera
tion system. A steady-state material balance can be used to 
determine the maximum amount that can be tolerated in 
an aeration inHuent to avoid lowering and MLVSS per
centage to less than about 65%. When performing such an 
analysis it must be recognized that the days used for fine 
paper contain about 13% bound water, which will show up 
as a volatile fraction when ashed. 

SUMMARY AND CONCLUSIONS 

The selection of a joint-treatment plant using a conven
tionally deSigned primary and activated-sludge process 
was a poor one in this particular application. The impact of 
the fine-papermaking wastewater was too great to allow 
the facility to be operated as a typical municipal 
wastewater treatment plant. As a result, major design and 
operational modifications were required to allow the fa
cility to meet effluent discharge standards . These 
modifications caused the annual operating cost to in
crease by approximately 100% and place a higher than an
ticipated financial burden on the industry and city. 

Tne findings of the field and laboratory research con
ducted during the study are somewhat specific to the 
Brewer Joint Treatment Facility; however, some may have 
general application to other industrial and joint-treatment 
plants treating fine-papermaking wastewater. The major 
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conclusions of the study are : 
1. The conventional municipal design and operation 

was not capable of meeting secondary eIHuent dis
charge standards because of the impact of papermill 
loading on the activated-sludge process. 

2. Aeration-basin dissolved-oxygen, nitrogen, and 
phosphorus levels must be monitored frequently and 
on a 24-hr per day basis to effectively respond to the 
extreme loading Huctuations caused by mill dump
ing events . 

3. Papermill dumping events cause high solids and or
ganic loading which at times can short-circuit the pri
mary basin and upset the activated-sludge process. 

4. Primary-basin short-circuiting appears to be caused 
in part by the elevated whitewater temperature dur
ing mill boilouts and washups. Basin stratification 
and degasSing are important factors . 

5. The buildup of inert mill solids in the MLSS can up
set the activated-sludge process filT an extended pe
riod of time. Fine-papermaking day incorporated 
into the MLSS can cause poor Hocculation, rapid set
tling, and pinpoint Hoc in the effiuent. Major deteri
oration was noted in the field and laboratory. when 
the MLVSS decreased to approximately. 50 to 55 per
cent. 

6. The shift away from a carbohydrate dominated 
aeration-system inHuent appears to be very 
beneficial to the overall stability of process opera
tion. 
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A Dual Particle-Diffusion Model for Porous 
Adsorbents In Fixed Beds 

A new adsorber model, the MADAM-DPD, can adequately predict entire 
breakthrough curves for most solute-adsorbent combinations. 

Walter J. Weber and Sun Liang, University of Michigan, Ann Arbor, Mich. 48109 

Adsorption processes employing activated carbon and 
other porous adsorbents are commonly used for removing 
organic pollutants from waters and wastes. For reasons of 
efficiency, economics, and ease of operation such pro
cesses are commonly configured as fixed-bed system 
utilizing granular or beaded forms of the adsorbent(s). 

Central to the design of such systems are accurate fore
casts of their operational dynamics and performance char
acteristics. This generally requires experimental work at 
the pilot-plant scale. Conceptual models capable of rigor
ous description of the complex process of adsorption by 
porous materials can materially increase the effectiveness 
of pilot programs by aiding evaluation of critical process 
and operational variables , thereby minimizing design 
costs and easing transition from pilot to full- scale 
operation. 

While nearly all practical applications of adsorption in
volve multiple adsorbates and chromatographic displace
ment phenomena which serve to complicate conceptual 
and mathematical treatments of adsorber systems, the 
structuring of models capable of describing such complex 
systems must be predicated on accurate description of the 
dynamics of more simple single-component systems. A 
number of different single-component models incor
porating an extra-particle (film diffusion or surface re
newal) mass-transfer step and an intraparticle (pore or sur
face diffusion) mass-transfer step have heen advanced for 
descrihing rates of adsorption hy porous adsorbents. None 
of these, however, has been limnd adequate for truly pre
dictive modeling (i.e ., all parameter evaluations done in
dependently of the system being modeled) of fixed-bed 
adsorhers over the entire range of the effluent break
through ratio (effluent concentration/infiuent concentra
tion , GIG.,). 

One important ohservation commonly made in attempts 
to verify such models with actual fixed-hed ad sorber data 
is that they overpredict adsorption as breakthrough ap
proaches completion, as illustrated in Figure 1; this is of
ten ascribed to "slow" or "hindered" diffusion phenom
ena as the adsorbent approaches saturation. The more 
sophisticated mode ls can reliably predict adsorber per
formance UI) to a breakthrough leve l 01'0.7-0.8. While this 
may provi( e satishlctory approximations li)r Single-bed 
systems des igned lilr effluent constraints of less than 
0.7-0.8 G,,, it is unsatisl'lctory for series-bed systems or sys
tems involving parallel adsorbers operated in such manner 
as to achieve overall treatment requirements by eflluent 
blending. In such cases certain adsorbers are run to com
plete exhaustion prior to regeneration or replacement. 
Moreover, mode Is which are not capable of accurately pre
dicting the en tire range of an adsorption process may be 
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suspected of not being extensible to systems and ranges 
other than those for which they have been developed and 
calibrated. 

Slow diffusion and hindered diffusion phenomena are 
commonly explained in terms of stearic effects within the 
non-uniform (polydisperse) pore structure of the adsorb
ent(s). Although porous adsorbents have been used widely 
in a multitude of applications, there are still uncertainties 
regarding the precise structure of internal pore spaces, 
and, most importantly in the present context, the effect of 
pore structure on adsorption properties. This is particu
larly true for activated carbon. It is known with certainty 
that an extremely large surface area is contained within a 
relatively small volume of carbon, indicating development 
of a highly porous structure during the manufacturing pro
cesses of carbonization and activation. What is known of 
the resulting structure suggests a combination of larger 
"macropores" and smaller "micropores." 

Generally speaking, the rate of intraparticle transport of 
an adsorbed molecule which has dimensions comparable 
to the diameter of the pores through which it is diffusing is 
usually lower than that of one which is much smaller in 
size. Basically, the pore wall reduces the freedom of move
ment of larger molecules, resulting in restricted or "hind
ered" diffusion . If hindered-pore diffusivities are 
significantly different in magnitude from diffusivities 
which obtain under non-hinde red conditions, then the 
specific structure and distribution of the pores of an ad
sorbent containing both macropores and micropores will 
indeed have a considerable effect on the rates at which 
diffusion-controlled adsorption processes occur. Unless 
structural effects of this type are properly accounted for in 
models used for design of adsorption systems, such models 
will not reliably predict performance over the complete 
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Figure 1. Schematic illustration of the effect of hindered diffusion on 

breokthrough predictions for a fixed-bed adsorb ... 
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range of operation; this is the case for most curren t 
adsorber models. 

The work described here is part of a continuing program 
of development and refinement of predictive models for 
the design and operation of adsorption systems; the 
MADAM (Michigan Adsorption Design and Applications 
Model) program. The specific focus of the present work is 
the structuring of a conceptual and mathematical model
ing framework which more accurately accounts for the 
physical nature-specifically the polydisperse pore 
structure-of adsorbents such as activated carbon to allow 
for more accurate prediction of adsorptio n phenomena an d 
to facilitate the design and operation of fixed-bed adsorp
tion systems utilizing porous adsorben ts. 

BACKGROUND 

Many different models for description of adsorption by 
porous adsorbents have been developed on the basis of 
various combinations of mass-transfer resistances and iso
therm relations. In early and relatively simple model de
velopments, Devault [I] and Glueckauf [2] neglected all 
mass-transfer resistances and ~sumed that equilibrium 
relationships dominate mass transfer in fixed-bed gas 
chromatography, while Michaels [3] considered external 
film transfer as the dominant mass-transfer resistance for 
constant-pattern adsorption behavior in fixed-bed 
systems. 

Eagle and Scott [4] were the first to apply an internal
diffusion equation to compute rate constants for adsorp
tion by porous adsorbents from the liquid phase, neg
lecting external mass transfer and using a pore-surface 
diffusion model with a linear isotherm to describe the ad
sorption of phenol by activated carbon in agitated infinite
bath reactors . A similar approach was used by Dryden and 
Kay [5] for describing rates of adsorption of acetic acid from 
water by activated carbon in agitated finite-bath batch re
actors . Edeskuty and Amundson [6] presented an internal
pore diffusion-control model for cylindrically shaped ab
sorbents in batch reactors predicated on a linear isotherm. 
Weber and Morris [7] extended this model to cases 
involVing non-linear isotherms. Furusawa and Smith [8, 9] 
compared pore and surface diffusivities using a batch
reactor model which considered both external and 
intraparticle resistances and utilized a Langmuir isotherm. 
Mathews and Weber [10] gave a solution for a similar 
model utilizing a three-parameter isotherm. A model sug
gested by Nerethnieks [Il] conside red external-film dif
fusion and simultaneous internal-pore and surface diffu
sion. 

Fixed-bed adsorbers have been modeled usin~ both 
pore and surface diffusion-control assumptions for the 
intrapartide mass-transport step. Kasten et al [12]and later 
Copper and Liberman [13] employed pore-diffusion mod
els with linear and irreversible isotherms, respective ly, in 
both cases neglecting external mass-transfer resistances. 
Rosen [14] developed the first model whieh included 
both external and surface diffusion, using a linear isotherm 
to facilitate mathematical solution of the model equations. 
Tien and Thodos [15-18] extended Rosen's model to sys
tems with generalized linear and non-linear isotherms. 
Antonson and Dranofl [19] demonstrated that Rosen's 
model could be extended to systems with Langmuir-type 
isotherms. Chakravoarti [20] described a model including 
both film transfe r and pore diffusion for a modified 
Langmuir isotherm. Crittenden anrl Weber [21-24] deve l
oped a mode I based on the same considerations as Rosen 
for mass-transfer resistances but for more complex three
parameter isotherms and for multiple-solute systems. 
Liapis and Rippin [25] gave numerical solutions fo~ a gen
eralized model which included both film transfer ,md 
pore and surface diffusion for systems with generalized 
isothenns. 
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The first real interest in the modeling of hindered or 
steric diffusion in porous material developed about two 
decades ago relative to the use of synthetic zeolites and 
catalyst pellets. Mingle and Smith [26] and Carberry [27] 
employed a macropore/micropore model in their evalua
tion of effectiveness factors for catalysts having bi-disperse 
pore structures, the former assuming a first-order irrevers
ible reaction involving no adsorption isotherm and the lat
ter a first-order reversible reaction with an isotherm. 
Wakao and Smith [28] proposed a "random-pore" model to 
describe diffusion in the bi-disperse pore structure of alu
mina pellets. Rukenstein et al. [29] used a 
macropore/micropore mode I for deseription of sorption 
rates of gases and vapors by ion-exchange resins, assuming 
pore diffusion in both macropores and micropores along 
with surface accumulation in both types of pores. These in
vestigators found the model satisfactory for situations 
involving identical linear isotherms for both macropore 
and micropore adsorption. Haynes and Samra [30] de vel
oped a diffusion model involvingan external mass-transfer 
resistance coupled with surfaee diffusion in both 
maeropores' and micropores along with a single Iinear
isotherm assumption fi)r eatalysts having bi-disperse pore 
struetures. Chihara et {II. [31] used a similar model, but 
took into aecount the size distribution of micropartieles in 
deseribing rates of uptake of various gases on molecular
sieving earbons. Famularo et al. [32] presented a model 
which assumes that a spherieal partiele with a bi-disperse 
pore strueture is divided into two homo~eneous regions; 
an outer shell eontaining only maeropores and an inner 
spherical shell containing only micropores. The model is 
not predictive, however, as prior fixed-hed adsorher mns 
are required for parameter ealihration. Peel and Benedek 
[33,34] presented a dual-rate branehed-pore model whieh 
was found suitable fordeseribingadsorption rates in batch 
reaetors hut which was less aecurate filT prediction of the 
behavior of fixed-hed eolumn systems, presumably be
cause of difficulties in measuring an accurate micropore 
diflusivity in bateh-reaetorexperiments used fi,r model pa
rameter evaluations. 

MODEL DEVELOPMENT 

Based on what is known of the physieal strneture ofaeti
vated earbon and on ohserved patterns of adsOlvtion of or
ganie compounds fi-om solution by earhon, two types of 
pores may he de fined: 

• Macropores-those pores which are lar~e relative to 
the molecular size of the solute 'Uld whieh are readily 
aecessible to the solute . Solute diffusion rates are 
unhinde red in these pores and mass transport pro
ceeds eomparative ly rapidly. 

• Mieropores-those pores whieh are similar in size to 
that of the solute moleeule. Solute diffusion in these 
pores may he severely retarded due to sterie interae
tions. 

Figure 2 is a coneeptual representation oftlle ~eneral ar
rangement and distribution of these two types of pores in 
an adsorbent partiele. As a hasis fi,r developin~ mathemat
ieal descriptions of this type of pore structure, Figure .'3 
presents asehematie interpretation in whieh a microspher
ieal partiele of a porous adsorhent is eomprised of uni
formly distributed microspheres. This figure also deline
ates, for hoth an individual adsorhent particle and a 
fixed-bed of sueh partieles, the eritical spatial dimensions 
and adsorption-related variahles required fi,r modeling 
purposes. 

The mass-tnmsport and transfilTlnation processes eon
sidered in the dual partiele-difTusion (DPD) or MADAM
DPD model developed here inelude: 

• houndary layer transport, diffusion of adsorhate 
through a liquid film surroundin~ the adsorhent 
partiele; 
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Figur. 3. Schematic interpretatian af an adsarbent particle and a fixed
bed adsorb ... 

• phase conversion, transfer of adsorbate from dis
solved to adsorbed state; 

• macropore surface transport, diffusion of adsorbate in 
an adsorbate state along walls oflarger "macropores" 
and, in parallel; 

• micropore surface transport, di ffusion of adsorbate in 
an adsorbed state along walls of smaller 
"micropores ." 

Based on these operative processes, and on the physical 
representations given in Figure 3, the system of modeling 
equations outlined below can be formulated. 

Liquid Phase Mass Balance: 

-D ~+v,~+p~ oqav. +~=O (1) 
p iJt- oz E ot ot 

where D" is the axial disperSion coefficient, C the Iiquid-
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phase solute concentration, v, the fluid velocity, p the ad
sorbent particle density, E the bed void fraction, and qav. 
the average concentration of solute in the absorbent. 

Solid Phase Macropore Mass Balance: 

oq" = D (OZq" + ~~) _ (1 - f) o(q,)av. (2) 
at 11,(1 or" r

" 
or" f at 

wbere q" is the solid-phase concentration of solute in the 
macropores, D .•. " the effective macropore surface-diffusion 
coefficient, f the fraction of total adsorption capacity rep
resented by the macropore surfaces, and (q ,lave the average 
solid-phase concentration of solute in the micropore. 

Solid Phase Micropore Mass Balance: 

~ = D,,( o'q, + 2.~) 
ot . or, r, or, (3) 

where q, is the solid-phase concentration of solute in the 
micropores ,md D .•. , the e ffective micropore surface
diffusion coefficient. 

Phase Partitioning Relationship: 

q, = aC~ (4) 

where q .• is the solid-phase concentration of solute at the 
external particle surface, C, the flUid-phase concentration 
of solute at the external particle surface, and a and bare 
empirical constants. 

Initial and Boundary Conditions: 

C = C. + Dp..!£ 
v, iJz 

at Z = 0 ~=O or, at r, = 0 

oC 
-=0 at z = L at r, = R, 

oZ q, = q" 

~=O at r" = 0 q" = q, = 0 at t = 0 art, 

~ = __ k,_(C - C,) at r" = R" C = 0 
ar" fpD.~.(I 

at t = 0 

where Co is the initial fluid-phase solute concentration, L 
the fixed-bed adsorber depth, k,the external film-transfer 
coefficient, R" the total microsphere radius, and R, the to
tal microsphere radius. 
Average Macropore and Micropore Phase Concentra
tions: 

3 [" (q,,)av. = R~ • q"r" dr" (5) 

3 {' (q')ave = ffl " q,r, dr, (6) 

The above system of modeling equations is predicted on 
the following considerations: 

• plug-flow fluid motion; 
• laminar boundary-layer extraparticle transport; 
• phase conversion described by the Freundlich iso

therm equation; 
• spherical macroporous adsorbent particles com

prised of small spherical microporous particles of 
uniform size; 

• solid-phase surface diffusion controls both macro
pore and micropore intraparticle transport; and, 

• macropore and micropore diffusivities are not 
concentration-dependent. 

The Freundlich isotherm (Equation 4) was selected for 
representation of the equilibrium-phase partitioning not 
only because it has been found to describe experimen tal 
data well for the types of adsorbate-adsorbent systems of 
interest in the present work, but also because it does not 
require computing time to convert the solid-phase solute 
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concentration at the partiele surface to a fluia-phase con
centration near the surface, as well as for its potential for 
expanded use for multicomponent systems [35]. 

The following dimensionless transforms may be intro
duced to simplify the modeling equations: 

f. = r.IR. 

r. = r/R, 

q" = q,/q. 

il, = qlq. 

q, = qJq. 

CWave = (q)avJq. 

(q,,)ave = (q,,)aVl!q. 

(il,).ve = (q')avJq. 

e = CIC. 

C, = C,/C. 

f = zlL 

f = tITD. 

D _ q. ,,"-1 - E) 
g - C.E 

N _ D,."DgT 
d.fI - -----m-

N _ D,.,D.T 
d.' - --m--

Pe=~ 
Dp 

Where D. is defined as the sohite-distribution parameter, 
Nd •• is the surface-diffusion modulus for the macropores, 
Nd., the surface-diffusion modulus for the micropores, and 
Pe and Sh are the Peelet and Sherwood numbers, respec
tively. The resulting system of de-dimensionalized model
ing equations is as detailed below. 

Dimensionless Liquid Phase Mass Balance: 

, __ 1_ ae + ae + ail.ve + _1_ ae = 0 (7) 
Peafaf af Dg at 

Dimensionless Solids Phase Macropore Mass Balance: 

ail:: = N
d 

•• ( filil. +.!. ail. ) _ (1 - f) a(il,)."ve 
at ar. f. af. f at 

(8) 

Dimensionless Solid Phase Micropore Mass Balance: 

ail, _ N (filil' 2 ail,) - _-- d'--+--
at . ar. r. r. (9) 

Dimensionless Phase Partitioning Relationship: 

il, = c: (10) 

Crittenden and Weber [22,23 J earlier demonstrated that 
dispersion is negligible under the particular conditions ex
amined in this work. Equation 7 can therefore be further 
simplified by neglecting the first term on the left side of 
the equation. The following initial and boundary condi
tions then apply to these modeling equations. 

- 1 ae 
C= 1 +-- at z= 0 

Pe az 

ae = 0 at z = 1 
az 

ail" = 0 at f" = 0 
af" 

E!. = Sh(C- e,) at f" = 1 
ar" 

ail, = 0 
ar. 

at r. = 0 

q, = (j. at r. = 1 

il,,=il,=O at t = 0 

c=O at t = 0 
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Equations 7 through 10 cannot be solved analytically. A 
numerical scheme similar to that written by Crittenden 
and Weber [23, 24] was employed to solve this system of 
equations. The fluid-phase equation (Equation 7) was 
solved using the implicit finite backward-difference 
method, and the equations for the macropore and 
micropore solid phases (Equations 8 and 9, respectively) 
were solved using the implicit Crank-Nicholson method. 
Equation 8 contains elements of micropore concentration 
measured at future time intervals. To resolve this problem 
the approach suggested by McGreavy et al. [36] was used. 
In this approach the liquid-phase (Equation 7) and 
macropore solid-phase (Equation 8) equations are solved 
simultaneously and modified by guessing or predicting 
values of the average micropore solid-phase concentra
tion, the lastterm in Equation 8. Equations 7 and 8 are iter
ated until a converged solution is obtained, to give the total 
concentration profile in the adsorbent patiele, then 
marched to the next time step. A flow chart of the 
adsorption-column solution algorithm is given in Figure 4. 

EXPERIMENTAL 

Adsorbates 

Phenol, p-chlorophenol (PCP), p-nitrophenol (PNP), 
and p-bromophenol (PBP) were employed as adsorbates in 
the experimental work described herein. The phenol was 
obtained from Mallinckrodt, Inc., the PCP and PNP !Tom 
Eastman Kodak Chemical Co., and the PBP from K and K 
Laboratories, all as reagent-grade chemicals. Experimen
tal solutions were prepared in deionized-distilled water 
buffered with 100 mwliter of NaHCO, and acidified with 
1 M HCI to pH = 5.5 to ensure that all adsorbates were 
present in solution in undissociated form. All experiments 
were conducted at 22.5 ± O.I·C. 

Analytical Mealure_ts 

Ultraviolet spectrophotometry at 268, 280, 317, and 280 
nm was used for analytical determinations of solute con-

Start 

Check tou1 u. •• 

~ 

lncreaent t1M 
interval varhble 

Figure 4. Flow chart for the MADAM-DPD fixed-bed adsorber solution 
algorithm. 
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centration for phenol, PCP, PNP, and PBP, respectively. 
An Hitachi 181 UV-VIS spectrophotometer utilizing 1-cm 
cuvettes was employed for this purpose. 

Ad ......... ts 

Two activated carbons of somewhat different external 
geometry were used in this study. The granules of one of 
these carbons, Filtrasorb 400 (Calgon Corporation), are ir
regularly shaped, while those of the other, BAC-M (Kureha 
Chemical Industry Co.), are very nearly spherical. The car
bons were dry-sieved and a size fraction consisting of 0.30 
- 0.42-mm particles separated for use in this study. The 
carbons were washed with deionized-distilled water for 
removal of fines after sieving, dried for several days at 
llSoC, and stored in desiccated sealed containers until 
used. 

Equilibrium Studies 

Adsorption isotherms were determined by the bottle
point method, a technique in which each point on the ad
sorption isotherm is obtained in a separate completely 
mixed batch reactor (CMBR) experiment. Varying, care
fully determined, amounts of adsorbent were added to 
120-ml French square bottles containing 100 ml of buff
ered adsorbate solution. The bottles were sealed and, to
gether with appropriate controls, mechanically tumbled 
for a period of eight days. After equilibrium was reached, 
each sample was briefly settled and filtered immediately 
through prewas hed glass microfiber filter paper 
(Whatman 934-AH) to remove any residual suspended 
carbon. 

Fixed-Bed Ad ......... Studies 

The fixed-bed adsorber studies were divided into two 
major categories of substantially different adsorber depth. 
" Microcolumn" experiments utilizing very small adsorber 
depths were utilized to determine the mass-transfer pa
rameters re()uired lilT modeling purposes. Adsorbers of 
greater depth were then run to collect data to compare with 
model predictions. 

All of the fixed-bed adsorber studies, both microcolumn 
and deep-bed, were conducted in I-em (1.0.) glass col
umns operated in down flow mode. The experimental ar
rangement consisted of four columns in parallel, each fed 
by a multi-channel peristaltic pump (Gilson Minipuls II) 
from a glass storage reservoir at a fixed influent rate and 
concentration. Inter-connecting tubing and fittings were 
made ofPTFE. Hourly effluent samples were taken by an 
automatic sampling device. More frequent sampling was 
done by hand during the first hour in the microcolumn 
studies. Microcolumn adsorber runs were typically con
ducted for a duration of 24 hours, while the deep-bed 
adsorber experimen ts usually span ned a period of SO hours 
or longer. 

Pertinent properties of the microcolumn fixed-bed 
adsorber experiments are summarized in Table 1, and 
those for the deep-bed studies in Table 2. 

RESULTS AND DISCUSSIONS 

Use of the dual particle-diffusion model for simulation 
and design requires determination of the Freundlich iso
therm constants, a and b, the external mass-transfer 
coefficient, kf, the intraparticle mass-transfer coeffi
cients, D,.<I and D"." and the fraction of to tal adsorption ca
pacity represented by the macropore surfaces, f. 

Determination of the isotherm constants for single
solute systems is a relatively straightforward procedure. In 
this work, the simple CMBR technique described earlier 
was employed to obtain a set of equilibrium isotherm data 
for each solute-adsorbent combination. Figure S depicts 
isotherm data for phenol, PCP, PNP, and PBP on the 
F -400 activated carbon. The solid lines in this figure are 
traces obtained by fitting the data (symbols) with the 
Freundlich isotherm equation (Equation 4) . The 
Freundlich isotherm constants corresponding to these lin
ear traces are summarized in Table 3, along with corre
sponding isotherm constants for adsorption of the four so
lutes by BAC-M carbon . 

Detennination of the mass-transport parameters re
quired for the successful use of predictive design models 
is less straightforward, usually requiring a combination of 
CMBR experimental measurements and approximate cor-

TABLE 1. PHYSICAL PARAMETERS FOR MICRO-COLUMN MODEL CALIBRATION STUDIES 

Run # Adsorhent Solute C" (mmole/liter) D, . ' V; (em/sec) L (cm) 

1204FAM F-400 Phenol 0.5213 1864 O.SS 0.23 1.5 
l004FAM F-400 PCP 0.1511 6717 0.61 , 0.23 1.6 
1219FAM F-400 PNP 0.1400 8597 0.58 0.21 1.5 
1209FAM F-400 PBP 0.1153 11615 O.SS 0.21 1.5 
1204BAM BAC-M Phenol 0.5213 3104 0.49 0.21 1.0 
1004BAM BAC-M PCP 0.1549 13425 0.49 0.21 1.0 
1219BAM BAC-M PNP 0.1400 16547 0.49 0.21 1.0 
1209BAM BAC-M PBP 0.1153 20457 0.49 0.20 1.0 

• Based on dry-particle densities of (»Oil I and 0.992 wcm3 for the F-400 lind 8AC-M carhon, respectively. 

TABLE 2. PHYSICAL PARAMETERS FOR THE DEEP-BED MODEL VERIFICATION EXPERIMENTS 

Run # Adsorbent Solute C" (mmole/lite r) D. .' v, (em/sec) L(em) 

1204FAL F-400 Phenol 0.5213 1950 0 .57 0.22 7.3 
1004FAL F-400 PCP 0. 1511 6973 0.60 0.24 3.9 
1219FAL F-4(X) PNP 0.1400 8042 0.60 0.22 3.9 
1209FAL F-400 PBP 0.1153 10858 0.60 0.22 3.9 
1204BAL BAC-M Phenol 0.5213 3401 0.46 0.22 4.8 
1004BAL BAC-M PCP 0.1549 14599 0.47 0 .21 2.4 
1219BAL BAC-M PNP 0.1400 18227 0.46 0.24 2.4 
1209BAL BAC-M PBP 0.1153 22624 0.46 0.22 2.4 

• Ba.~ed on dry-pllrticle dcmsities of 0.811 and 0.992 ~cm3 for the F-400 Ilnd BAC-M carbon, respectively. 
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relation procedures for the internal-diffusion and external
film transfer coefficients, respectively [22]. Weber and 
Liu [37] recently developed a microcolumn technique for 
more accurate direct measurem ents of th ese mass
transport parameters. Their method is predicated on the use 
of a fixed-bed adsorber of sufficiently small depth that 
substantial immediate concentration breakthrough oc
curs; that is , an adsorber which is not deep enough to con
tain the " wave- li-ont" for the sorbent-sorbate system of in
terest. They demonstrated through sensitivity analyses 
that the initial stage of a microcolumn breakthrough curve 
is dominated by film transfer, therefore enabling singular 
and independent determination of the film-transfer 
coefficient from the initial portion of a mierocolumn 
breakthrough curve. Once the film-transfer coefficient 
has been thus determined independently, the intrapar
ticle surface-diffusion coefficient can be obtained readily 
by regression analysis of data for the entire breakthrough 
curve. 

The present work extends the Weber-Liu concept to 
evaluation of the micropore diffusion parameter. Just as 
the initial stage of a microcolumn breakthrough curve 
must be dominated by film transfer, so too is it logical that 
the final stages of the breakthrough must be dominated by 
micropore dilfusion. The following set of hypotheses then 
follows: 

• the initial (incipient) stage of the breakthrough curve 
for a microcolumo is dominated by film transfer; 

TABLE 3. FREUNDLICH ISOTHERM CONSTANTS 

F-400 BAC-M 

Solute a* h' a * h' 

Phenol 2.0:3 0.:310 1.86 0.289 
PCP 2.68 0.176 2.62 O.\.SO 
PNP 2.69 0.136 2.82 0.12:3 
PHP 2.95 0.Il7 2.f)() 0.117 

• q , : uCZ; whe r{.· C~ and (I~ are expressed in 1ll1lloll'/likr ami 11l1lwit':/1! l'arholl, 
respediwl y. 

• film-transfer and macropore dfffusion-control inter
mediate stages of the microcolumn breakthrough 
curve, either Singularly or in combination; 

• micropore diffusion controls the final stages of the 
curve' and 

• the re~pon~eof a microcolumn is greater than thatofa 
macrocolumn for the same degreeof change in values 
of the external mass-transfer coefficient, k" the dual 
intraparticle diffusivities, D,." and D .•. ;, and/or the 
fraction of total adsorption capacity represented by 
the macropore surfaces, f. 

Based on these hypotheses, the mass-transfer coef
ficients k" D,.,,, and D,.I> and the macropore volume frac
tion, f, can be obtained by fitting the dual particle
diffusion model to microcolumn breakthrough data using a 
non-linear least-squares regression procedure. Values of 
these parameters so obtained fi-om microcolumn fixed
bed adsorber studies of phenol, PCP, PNP, and PBP on 
F-400 and BAC-M activated carbon are summarized in 
Table 4. Because no measurement of the diameter(s) of the 
hypothetical microspheres comprising an adsorbent 
particle (Figure 3) is possible, a pseudo-effective 
micropore surface diffusion coefficient, D...IR), is ob
tained from fitting the final stages of the microcolumn 
breakthrough data. 

Figures 6 and 7 illustrate representative microcolumn 
breakthrough data (symbols) and model simulations (solid 
lines) for the phenol!BAC-M and PBP/F-400 systems, re
spectively. Phenol and PBP represent extremes in break
through characteristics Ii)r the four solutes studied. The 
model simulations illustrated in Figures 6 and 7 were ob
tained by regression analysis and parameter-search rou
tines performed on the microcolumn data; in essence, the 
calibrations of the MADAM-DPD model. Figures 8 
through 10 display the deep-bed adsorber experimental 
data (symbols) and model predictions based on the values 
of k" D,.,,, D,)R) and f, calculated Ii-om the microcolumn 
data. Comparison of the mode l predictions with actual data 
l(lT the several representative cases, illustrated in Figures 
8 through 10, indicate excc lle nt verification of the 
MADAM-DPD model ove r the cntire breakthrough range . 
Similar results were obtained t()r all solute/adsorbent sys
tems tested, except the two involving PBI', in which cases 
the model predicted somewhat more rapid breakthrough 
than actually observed after a G/G" level of approximately 
O.S. 

It is apparen t hom the values of D.,." and D., j Rj given in 
Table 4 that si~nifical1t differeuces ill th e relative impor
tancc of macropore ,md micropore di Ifusion processes ex
ist among the several solute-adsorbcnt systems studicd. A 
convenient way in which to distinguish the rclative 
significance of th ese two transport mechanisms is to intro
duce a parameter, {3, defined as 1()lIows: 

(3 = D.,.IR;, = (D,jR)) = 2 
D.,."Rj (D,."IR;,) t, 

(11) 

where t" is a measure of the time re()uired ti))' penetration 
of the macrosphere by diffusion, and t, a measure of the 

TABLE 4. PARAMETERS OBTAINED FHOM THE MICROCOLUMN MODEL CALlllRATI07'J STUDIES 

k, D,." D,.'/Rl 
Run # Adsorhent Solute km/sec X W' ) «:m2/sec x l(9) (scc- ' X lO") J {3 

1204FAM F-400 Phenol 5.80 68.9 0.3 1 0.7 1 0.00143 
1004FAM F-400 PCP 7.5.S 6.29 4.59 0.68 0.2.36 
1219FAM F-400 PNP 6.22 .3.78 9.55 O.6H 0.818 
1209FAM F-400 PHP 6 .. S0 2.79 fl02.0 0.67 lO4.7.5 
1204BAM BAC-M Phenol 6.89 85.9 O.9H 0.71 0.(XJ368 
IOO4BA~1 BAC-M PCP 7.15 9.12 3 .. S.S 0.69 0.126 
1219BAM HAC-M PNP 6.70 4.22 !J.HIl 0.69 0.7.59 
1209HAM HAC-~I PHI' 6 .. S.5 5.8.S lO80.0 O.61l .S9.1l2 
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THROUGHPUT 

Figure 6. Micro-column breakthrough data and MADAM-DPD simulation 
for the phenollBAC-M system (# 1204BAM). 

THROUGHPUT 

Figure 7. Micro-column breakthrough data and MADAM-DPD simulation 
for the PBP/F-400 system (# 1209FAM). 
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Figure 8. Deep-bed adsorber breakthrough data and MADAM-DPD predic
tion for the phenol/BAC-M system (# 1204BAL). 
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Figure 9. Deep-bed odsorber breakthrough data and MADAM-DPD predic
tion for the PNP/F-400 system (#1219FAL). 

time required tilr penetration of the microsphere. The pa
nuneter {3 thus represents the ratio of the time scales of 
diffusional-transport processes operative in the macro
spheres and microspheres. 
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Figure 10. Deep-bed odsorber breakthrough data and MADAM-DPD 
prediction for the PCP/BAC-M system (#1004BAL). 

Small values of {3 indicate that macropore diffusion is 
relatively rapid and that micropore diffusion most likely 
dominates as the rate-controlling transport step as exhaus
tion approaches . Thus, the smaller the value of {3, the 
steeper is the breakthrough curve predicted by the dual 
particle-diffusion model. Values of {3 of 0.00143 and 
0.00368, for adsorption of phenol by F-400and BAC-M car
bon, respectively, are indicative of this situation. Values of 
I" and Ii having approximately the same order of magni
tude indicate that macropore and micropore transport pro
cesses play roughly equivalent roles in the adsorption pro
cess. The values of {3 of 0.236 and 0.126, filr adsorption of 
PCP by F-400 and BAC-M carbons, respectively, as well as 
those of 0.818 and 0.759, for PNP adsorption by F-400 and 
BAC-M, respectively, are indicative of this situation. Be
cause the values of {3 for adsorption of the PNP by F-400 
and BAC-M carbons are so close to unity, overall break
through curves for these solute-adsorbent combinations 
can be predicted well by homogeneous dillilsion models 
[37]. Large values of {3 indicate that macro pore diffusion ex
erts more control over the entire breakthrough curve. 
Values of {3 filr adsorption ofPBP by F-400 and BAC-M car
bon are 104.75 and 59.82, respectively, suggesting that the 
time required for penetration of the macropores is much 
greater than that for penetration of the micropores by this 
particular solute. As noted earlier, the parameters deter
mined from the microcolumn fixed-bed studies are not as 
accurate in this case filr predicting the final stages of 
breakthrough filr deep-bed adsorber systems. The gradual 
deviation of the experimental data from the model predic
tion in the final stages of the deep-bed breakthrough in 
these cases may relate to a possible dependence of 
macropore surf'lCe diHilsivity on concentration, which 
would tend to eflect an increase in macropore surface 
diHilsivity and a decrease in translational activation en
ergy as concentration increases [38]. For some reason or 
other, however, this eflect does not appear to significantly 
aHect the microcolumn breakthrough dynamics (see Fig
ure 7). The type of behavior observed in the case of the 
PBP re<luires further investigation ,md analysis. 

CONCLUSIONS 

• An adsorber model, the MAOAM-OPO, incor
porating three in-series transfer resistances, Iiquid
film diffusion and dual particle-diffusion steps, has 
been developed and demonstrated to adequately pre
dict entire breakthrough curves--including impor
tant regions of such curves not well predicted by two 
resistance models-for most solute-adsorbent combi
nations tested. 

• The relative influence of macropore and micropore 
diffusion processes in several solute-adsorbent sys
tems of particular interest for water and waste treat
ment has been characterized. 

• Further work with the MAOAM-OPO model will he 
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concerned with testing the limits of its applicability 
and extending its use for description of adsorption dy
namics for multicomponent feedstreams. 
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NOMENCLATURE 

a, b = Freundlich isotherm constants 
C = flUid-rhase concentration, mmole/lite r 
C" = initia fluid-phase cOJ;lcentration, mmole/liter 
C., = flUid-phase concentration at the particle sur-

D" 
D" 
DII • f , 

0.,., 

filCe, mmole/liter 
= solute-distribution parameter, dimensionless 
= axial dispersion coefficient, cm'/sec 
= eflective macropore surface-diffusion coef~ 

fici ent, cm'/sec 
= eflective micropore surfilce-diffusion coef

ficient, cm'/sec 
D,., IR,' = pseudo-effective micropore surface-diffusion 

coeillcient, l/sec 
fraction of total adsorption capacity availabI'e in 
the macropores, dimensionless 

f 
k, 
L 

Fe 
q" 
q, 
q" 
q, 

llano 
(q"J., .• 

T" 

r, 
R" 
R, 
Sh 

t, 

v, 
z 

= external-film transfer coeillcient, cm/sec 
= fi xed-bed adsorber depth, cm 
= macropore surface-diffusion modulus, dimen

sionless 
= micropore surface-diffusion modulus, dimen

sionless 
= Peclet number, dimensionless 
= macropore solid-phase concentration, mmole/g 

micropore solid-phase concentration, mmole/g 
= initial solid-phase concentration, mmole/g 
= solid-phase concentration at the particle sur

face, mmole/g 
= average solid-phase concentration, mmole/g 
= average macropore solid-phase concentration, 

mmole/g 
= average micropore solid-phase concentration, 

mmole/g 
= radial variable for the macrosphere, cm 
= radial variable filT the microsphere, cm 
= macrosphere radius, cm 
= microsphere radius, cm 
= Sherwood nnmber, dimensionless 
= time, hr 
= time required for penetration of the macro

sphere by difl'usion, sec 
= time required lilT penetration of the micro

sp here by diffusion, sec 
= fi xed-bed interstitial fluid velocity, cm/sec 
= longitudinal c()ordinte, cm 

G_k Letter Symbols 

p = particle density, '!!Icm3 

= fixed-bed void fraction, dimensionless 
T = hydraulic residence time, min 
f3 = ratio of time scales for diffusion processes in 
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the macrospheres and microspheres, dimen
sionless. 
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Calcium Sulfide Process for Treatment of 
Metal-Containing Wastes 

A new process has potential application for the removal of metals, including 
Cd, Cu, Ph, Ag, and Zn, even in the presence of organic complexing agents. 

B. M. Kim and P. A. Amodeo, General Electric Co., Schenectady, N.Y. 12301 

Stringent environmental regulations of ellluent leve ls 
of heavy metals are now heing enacted. Such regulations 
affect many industries, including e lectroplating, machin
ery, and mechanical products manufacturing, and inor
ganic chemicals manul'lctnring. The environmental im
pact of heavy-metals pollution as well as the stringent 
compliance re(luirement have led us to the development 
of a calcium-su fide (CaS) process which is more effective 
than the conventional hydroxide-precipitation process for 
treatment of metal wastes [1,2]. 

The present paper descrihes a CaS W'l,te-treatment pro
cess and a specific application of the process to treatment 
of waste discharges from a wire-man uf,icturing plant. The 
difficulty of eliminating heavy metal by precipitation is 
compounded in this case by its association with a synthetiC 
fat in water emulsion. As a consequence, conven tional 
chemical precipitation techniques are not successful even 
after demulsilication. It is assumed that the presence of 
complexing agents prevents metal-hydroxide formation. A 
CaS process was an appropriate choice for treating such 
waste hecause it precipitates metal sullides from stable 
metal complexes and, in addition, removes residual f'lts. A 
two-stage process lill' treating the waste was developed 
and demonstrated on the pilot ,md full-plant scales. The 
design of a treatment I,wility, which utilizes existing 
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equipme nt commonly found in wire-manufacturing 
plants, is presented. 

THE CALCIUM SULFIDE PROCESS 

The conventional method of removing heavy metals 
from wastewater 'employs hydroxide precipitation. The 
wastewater is treated with lime or caustic soda, and metal
hydroxide precipitates are removed by flocculation and 
clarification, and often by filtration. The process is sim
ple and eflective for removal of heavy metals in many 
wastewater-treatment plants. The application of this pro
cess is limited, however, by the high solubility and ampho
teric properties of metal hydroxides an d its ineffectiveness 
in the presence of chelating agents, which are commonly 
used in metal-finishing operations. 

Sulfide precipitation is an alternative method which 
does not have the limitations of hydroxide precipitation. 
The advantages of sulfide precipitation are mainly due to 
the extremely low solubility of metal sulfides. A compari
son of the solubilities of metal hydroxides and metal 
sulfides is shown in Figure 1. Metal sulfides have much 
lower solubilities than metal hydroxides and are not am
photeric. Heavy metals can be removed to extremely low 
concentrations at a single pH. The high stability of metal 
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sulfides makes it possible to precipitate metals even in 
the presence of chelating agents. And metal-sulfide 
sludges have better dewatering characteristics than the 
metal hydroxides. 
. Although sulfide precipitation offers these advantages, 
It has not been applied widely to wastewater treatment. 
Two problems associated with the use of sulfide 
precipitation-toxicity and odor of H,S evolved from the 
precipitation process and pollution of the treated 
wastewater with excess sulfide ions-arise only when the 
delivery of sulfide ions is not carefully ,controlled. In the 
past, the additional cost of sulfide sources has prevented 
the use of sulfide precipitation for general wastewater 
treatment. But recent enactment of very stringent efHuen t 
~tandard.s ~or ~eavy metals and the limitations of hydrox
Ide precIpitation have encouraged the development ofef
fective sulfide-precipitation processes. 

Currently, two methods of delivering sulfide ions are 
available [3]. The soluble-sulfide method involves adding 
Na,S or NaHS solutions to the wastewater. The addition of 
the solution may be made on the basis of periodic analyses 
of metal contents, or it may be controlled by means of a 
feedback control loop employing ion-specific electrodes 
[4]. T~e controlled delivery of sulfide ions using an ion
selechve electrode has been demonstrated in the labora
tory but not on a commercial scale. The addition of soluble 
sul~des usually produces colloidal or very fine particles, 
which settle poorly and must be treated with coagulants 
and lIocculants before final clarification. 

The insoluble-sulfide method uses a sparingly soluble 
metal sulfide as a source of sulfide ions. The Sulfex pro
cess, a proprietary process developed by Permutit Co., 
uses FeS as the source of sulfide ions [5]. Since the FeS 
has very low solubility with a S~ concentration of 0.02 
/-tgiliter, emission of H,S or contamination of the 
wastewater by sulfide ions is reduced. In practice, FeS 
which is freshly prepared by mixing FeSO. and NaHS is 
used. Plants using this process are not completely fi-ee 
from H,S emissions. Some control measures must be used 
in the preparation of FeS, using NaHS to reduce H,S 
emissions. 

The rate of FeS addition is not automatically controlled 
.in response to the metal contents; the rate is determined 

176 August, 1983 

by jar tests on the wastewater before it enters the sulfide
precipitation tank. The process normally requires two to 
four times the stoichiometric amountofFeS [3]. The useof 
large amounts of FeS adds to the chemicals cost of the pro
cess. Another disadvantage of the process is the generation 
of a large amount of sludge due to the addition of iron. The 
Sulfex process produces almost three times more sludge 
than the conventional hydroxide-precipitation process. 

The problems of soluble- and insoluble-sulfide meth
ods can be minimized by using calcium sulfide 
(semisoluble sulfide) as the sulfide source. CaS is added 
to the wastewater as a slurry. The addition of CaS as a 
slurry produces easily settlable precipitates: calcium 
sulfide particles act as nuclei for production of metal
sulfide particles, and the dissolved calcium ion functions 
as a coagulant. Since calcium which is added as CaS is dis
solved in the wastewater after reaction, the increase in the 
sludge volume is minimal. Unlike FeS, the CaS require
ment is near stoichiometric. 

Calcium sulfide is stable in dry solid form. In aqueous 
solution it reacts with water to produce Ca(OH), and 
Ca(HS), [6]. 

2CaS + 2H,O -,> Ca(HS), + Ca(OH), 
or 

S~ + H,O -,> HS- + OH-

The main reactions involved in the precipitation of 
metal sulfides after adding the CaS solutions are 

M++ + HS- -,> MS + H+ 

Ii+ + OH- -,> H,O 

M++ + S~ -,> MS 

The "CaS solution," which is actually a mixture of 
Ca(OH), and Ca(HS)" can be produced by passing H,S 
th.rough lime slurries as shown in Figure 2. As a byproduct 
of industrial pollution-control processes, H2S is the 
cheapest source of sulfide species. If an excess amount of 
H2S is passed, Ca(OH), is completely converted to 
Ca(HS),. The stoichiometric amount of H,S, which is a 1: 1 
ratio ~f calcium to sulfur, may be controlled by measuring 
pH. ~IIlC~ ti:te pH of the lime slurry is higher than 12, the 
reachon IS fast and a minimum amount of H,S is emitted. 
The reaction of sulfide and metal ions produces metal 
sulfides. The CaS solution can also be obtained by mixing 
Ca(OH)2and NaHS. The stoichiometric amount of calcium 
and sulfur should be mixed to have the same properties as 
CaS. 

The ~ddition of the CaS solution can be controlled by 
measurIng the sulfide concentration. As the sulfide
precipitation reaction goes to completion, the sulfide con
centration suddenly increases. An ion-specific electrode 
is available fe)r the sulfide ion, and it can be used for moni
toring S~ or HS-. The pH measurement alone, however, 
can be used to control sulfide addition because, as the cal
cium sulfides are consumed, pH as well as sulfide con-

Lime 

Discharge 

Sludges 

Figure 2. Calcium sulfide process. 
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sum ed, pH as well as sulfide concentration increases 
sharply (Figure 3). The use of pH control significantly 
simplifies the sulfide precipitation process [1]. 

TREATMENT OF WASTE DISCHARGES FROM 
A WIRE MANUFACTURING PLANT 

The copper magnet-wire manufacturing plant where the 
CaS process was demonstrated discharges approximately 
100,000 gallons (378.5 m3) of lubricant/coolant waste per 
year containing emulsified fats and dissolved copper. The 
plant must dispose of the waste by hauling it away or by 
treating it before discharge to the sewer. The cost for 
hauling the waste is estimated to be more than 
$I20,OOO/year. Plant personnel sought an alternative but 
could not identify a demonstrated process for treating this 
type of waste. The main obstacle to using the conventional 
hydroxide process was that dissolved copper was present 
in a complex form which resisted removal by hydroxide 
precipitation. A new process was developed for treating 
such waste, employing the CaS process for copper 
removal. 

In wire-lmmuf,lcturing plants, rolling mills and drawing 
mills are major sources of waste discharges. A rolling mill 
is used to produce a Hat wire by working the wire through 
aset of rollers. In a drawing mill, a strand oflarge-diameter 
wire is pulled through a series of progreSSively smaller 
dies until the desired diameter is achieved. A lubricant 
consisting of a 3-6% synthetic-fat emulsion in water is re
<Iuired to bathe the die and rollers while the equipment is 
in operation. 

Rycosol (Reilly Whiteman, Inc.), a rolling-mill lubricant, 
is used in two rolling mills (a Torrington and a Waterbury). 
Approximately 4,000 gallons (15.1 m") of waste are pro
duced hy each unit every four months. It is necessary to 
replace the lubrieant primarily because of the increased 
concentration of chlorides from the domestic makeup 
water as a res ult of evaporation. If th e chlorides were al
lowed to remain , the rollers would corrode ,md the quality 
of the wire would he poor. 

The drawing mills use ten 500-gallon (1.9 m") systems 
and one IO,OOO-gallon (37.9 m") unit with e ither Luhro 
ADL-I7 (G. Whitfi e ld Richards) or Lusol WD-4X 

·500 200 

S ' 

·400 100 11 
PH 

·300 0 10 

S'IMVI Cu(MV) 

·200 ·100 

PH 

·100 ·200 8 

·300 

100 ·400 

200 -500 

300 

0 .4 0 .8 1.2 1.6 2.0 2.4 

VOLUME OF CaS SOLUTION ADDEO (MlJ 

Figure 3. Responses of ion-selective electrodes. 
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(Anderson Oil and Chemical Co.) wire-drawing lubricants . 
The lubricant must be changed approximately twice a 
year, primarily because of a breakdown of material that 
causes a decrease in lubricity. Figure 4 summarizes the 
sources of wastes in the plant. 

The presence of copper in the lubricant may be ac
counted for by the following mechanism. During the pro
cess of rolling and drawing copper wires, fine copper 
particles are rubbed off the wire. As a result of their large 
active surface area, they are quickly oxidized to copper ox
ides (cuprous and cupric). In the presence offats and addi
tives, they form stable copper-fatty acid complexes which 
are not removed by hydroxide precipitation. In addition to 
the dissolved copper, some unreacted copper particles 
remain. 

The copper concentration in the waste varies 
significantly from batch to batch for each mill. For exam
ple, 1200 mg/liter copper in Lusol WD-4X from a drawing 
mill and 67 mg/liter copper in Rycosol from a rolling mill 
were measured. 

The complete treatment of such wastes requires re
moval of fat~ from emulsions and removal of copper from 
the solution. A two-step process was proposed for waste 
treatment: an initial emulsion-breaking step followed by 
precipitation of dissolved copper by sulfide precipitation. 

An oil-in-water emulsion comes about as a result of 
the coating of min ute droplets of oil with an emulSifying 
substance which. prevents them from coalescing. A stable 
oil-in-water emulsion is a colloidal system of electrically 
charged oil droplets surrounded by an ionic environment. 
The dielectric characteristics of water and oil cause 
em ulsified oil droplets to carry negative charges. 
Demulsification may be perfonned by chemical , electro
lytic, or physical methods. The stabilizing factors must be 
eliminated to allow the droplets to coalesce. The charges 
on the droplets are neutralized by introducing charges op
posite to the charge of the droplet~ . The opposite charge 
may be provided by chemicals. 

Several chemicals are used in the oil industry for the re
moval of hrine from oil. The earliest demulsiners con
sisted primarily of common soaps of Uttty acids. Modern 
polymers consisting of alkylated aromatic sulfonic-acid 
salts are found to be much more effective. For the present 

lmrposes, a commercial form produced by Stockhausen, 
c)rmula number 2157, was /cHmd to be satisfactory when 
used at an elevated pH of 8.3. 

Three principal steps are involved in tbe emulsion
breaking process: 

I) Destabilization of the emulsion, initiating contact 
and coalescence. 

2) Turbulent How provided by a rapid mix to bring 
about ral)id particle contact. 

3) A perio( of <)uiescent settling during which contin
ued coalescence results in the formation of progres
sively large r particles. 

Care should be taken during dosage so as not to 
"overtreat" the emulsion. An increased dosage of 
demulsifier generally increases its effectiveness; how
ever, complete resolution of the emulsion may be hind-

ROlliNG MilL 
Ils., m3J4M 

jI5.1ml) 

0::===--' 15.1 m3i4M 

DRAWING MILL 
37.9mll6M 

(l7.9m3) 

Figure 4. Process for treating wire drawing lubricant/coolant waste. 
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ered at very high concentrations. A reverse emulsion may 
occur or the remaining emulsion may be restabilized. 
These conditions may often be corrected by the addition of 
fresh emulsion. 

The schematic of the two-step process involving 
demulsification followed by the addition of CaS is shown 
in Figure 5. First. the waste is added to Tank 1. to which 
liquid organic emulsion-breakers are added. Mixing by 
aeration or mechanical mixers then produces fat scums or 
precipitates depending upon the emulsion breakers used. 
This demulsification operation removes most of the fat. 
but still leaves a small amount of suspended and dissolved 
fat. 

In Tank 2. the waste containing dissolved copper and re
sidual fat is treated with a CaS slurry. The sulfide ions 
from the slurry precipitate copper sulfide even from the 
copper complexes. Since copper sulfide has extremely 
low solubility. the copper level is reduced to very low con
centrations. The calcium species from the CaS slurry com
plete the removal of suspended and dissolved fat. produ<.~ 
ing a clear fat-free solution. For effiCient solid/liquid 
separation the precipitates are then treated with 
polyelectrolytes used as Hocculants. 

The capability ofC<\S slurry for removing the residual fat 
reduces the chemicals cost by replacing more expensive. 
organic emulsion-breakers with inexpensive CaS slurry. 
In cases when a relatively large amount of residual fat is 
present compared to metal ions. additional Ca species such 
as Ca(OHh are required. In such cases. a mixture of CaS 
and Ca(OH),is to be used. The ratio of CaS to Ca(OH),will 
be determined by the amounts of fat and metal. The de
sired mixture is produced by reacting the lime with H,s or 
NaHS. and measuring the pH of the slurry. 

The entire process may be operated in a batch mode or 
continuously. Both steps (emulsion breaking and CaS pre
cipitation) can he performed in the same vessel. or sepa
rate vessels may be used. 

DEMONSTRATION OF PROCESS 

The two-stage process for treating the waste from the 
wire-manufacturing plant was demonstrated at pilot and 
full scale (Table 1). The pilot-scale demonstration was 
performed for treatment of Lusol WD4X lubricant waste 
containing 1200 mg/liter copper and emulsified fat. Ap
proximately 90 gallons (0.34 m3) of the waste were treated 
with an emulsion breaker (Colloid Piepho NT-75). and the 
demulsified solution containing copper and residual fat 
was pumped to a tank with a capacity of 120 gallons (0.45 
m"). The waste solution was agitated slowly as the CaS 
slurry was pumped to the tank at approximately 70 mVmin . 
The CaS slurry had been prepared by passing H,S througb 
a 4% lime slurry uhtil the pH reached 12.2. 

The addition of CaS was terminated as the pH of the so
lution reached 9.3. which was determined by a laboratory 
test using a similar sample. The volume of CaS slurry 

WASTE CONTAINING 
FAT EMUlSIONS AND COPPER 

AiR 

HIS CaS PREPARATION 

Figure S. Sources 01 wostes in the wire plant . 
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TREATED 
WASTE 

TABLE 1. DEMONSTRATION OF THE PROCESS 

Pilot 

• Wastes Lusol WD-4X 
• Volume 0 .38 m" 
o Emulsion breaker Colloid Piepho 

• InHuent Cu cone. 
o EfHuent Cu cone. 

NT-75 
1.200 mglliter 
1 mglliter 

Full Scale 

Ry<.'Osol 
3.8 m" 
Stockhausen 2157 

67 mglliter 
1.8 mglliter 

added was approximately 3.7 liters. The reaction of the 
waste and CaS alone produced settlable Hocs which con
sisted of CuS and residual fat. The reacted waste solution 
was agitated vigorously as a polyelectrolyte (0.5% solution 
of Cyanamid Magnifloc 836 A) was added. After 340 ml of 
the polyelectrolyte had been added. the waste was agi
tated slowly to produce large Hoes. The waste was al
lowed to settle for approximately 10 min utes; the top-layer 
liqUid was then sampled for analysis. The copper content 
of this sample was later determined to be 1 mg/liter. It was 
also found that the residual fat wa~ elTectively removed. 
producing a clear solution. This additional capability of 
removing the residual fat made the process more attractive 
for treatment of such wastes. 

The full-scale demonstration involved treatment of ap
proximately 1000 gallons (3.8 m3

) of Rycosol waste con
taining 67 mg/liter copper and emulsified fat. The waste 
was treated with an emulsion breaker in the first tank. 
which had a capacity of 2000 gallons (7.6 m3). Aeration of 
the waste provided adequate mixing and floated the fat. 

The demulsified waste. still containing residual fat and 
dissolved copper. was pumped to the second tank. This 
reactor/clarifier was constructed by adding three mixers 
to an existing rectangular tank with a capacity of3000 gal
lons (11.4 mOl. Since at least 2000 gallons (7.6 mO) were re
quired for good mixing. an additional 1000 gallons (3.8 m") 
of tap water Were pumped to the tan k. The waste was next 
agitated slowly as the CaS slurry wa~ pumped to the tank at 
100 mllmin. The CaS slurry had been prepared by passing 
H,S through a 4 % lime slurry until the pH reached 12.2. 

The addition of the CaS slurry wa~ terminated when the 
pH of the solution reached 9.4 from its initial pH of 4.7. 
The total amount of CaS added wa~ approximately 9 gal
lons (34 liters). No !-I,S odor was detected from the 
reactor/clarifier during CaS addition. Next. 2 gallons (7.6 
liters) of polyelectrolyte (0.5% solution of Cyanamid 
MagniHoc 836 A) were added to make the concentration 5 
mg/liter in the tank. The waste was mixed vigorously for 5 
minutes and then allowed to settle for 30 minutes. At that 
time. most of the Hocs had settled. The copper content of 
this sample was 1.8 ppm. which was lower than the per
missible discharge level. 

This demonstration showed that the two-stage CaS pro
cess is an elTective and practical process for treating wire
drawing lubricant/coolant waste. Although equipment 
used for this demonstration could be used as a temporary 
facility felr treating the total plant output. an additional en
gineerings study was carried out to proVide a basis for the 
final design of the permanent facility. 

DESCRIPTION OF PROPOSED TREATMENT FACIUTY 

The process described here wa~ deSigned to use tanks 
and other equipment commonly found in wire-drawing 
and milling operations in order to minimize the cost of con
struction. Since the periodicity of waste generation made 
it possible to set up a treatment schedule. batch processing 
was selected. The primary vessel available was a 6000 gal
Ion (22.7 m3) tank from a HolTman unit formerly used to 
clean and recirculate the lubricants for a number of wire
drawing machines. It is equipped with sludge scrapers. 
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which can be used for removal of metal-sulfide sludges. 
The addition of an oil skimmer would make the tank usa
ble for both sludge and oil-scum removal. This approach 
allows for a single-tank system with less complex opera
tion and smaller equipment and space requirement than 
the system shown in Figure 5. For a new installation, tanks 
for mixing and settling which are available commercially 
can adequately accommodate this procedure. 

An initial emulsion-breaking stage is provided by the in
troduction of a liquid organic demulsifier directly into the 
waste-treatment tank as shown in Figure 6. The emulsion 
breaking is greatly enhanced by raising the pH ofthe mate
rial to 8 before the demulsifier is added. Complete mixing 
is providp.d by a pair of propeller mixers . The mixed
waste/demulsifier mixture is then agitated at a slower 
speed by propeller mixers to enhance contacting of demul
sified oil droplets. Material flocculated in this way will 
coalesce and form large particles. _ 

FollOWing flocculation, material is allowed to settle for 
a period to allow particles that are less dense than the liq
uid to float and particles that are denser than the liqUid to 
settle. Manual engaging of the chain sludge scrapers will 
move settled material toward and into a sludge hopper at 
the bottom of the tank. 

Floated material is removed Irom the liquid sur/ace by a 
tube skimmer and depOSited by gravity into an aprropriate 
receptacle . Upon removal of the floating materia, the sec
ond step, addition of the CaS slurry, is begun. 

CaS slurry is prepared by reacting lime coming from the 
lime tank with H,S from an H,S cylinder. Sodium 
hydrosulfide may be used as a substitute for H,S. The CaS 
reactor contains a mechanical agitator to ensure complete 
reaction of lime ,md H,S and to prevent settling of CaS 
precipitates. 

Calcium-sulfide slurry is added to the tank of the re
maining fluid while stirrers agitate at a high speed until 
the mixture reaches a predetermined pH . Next, 
polyelectrolytes are added to the tank. The stirrers are 
then slowed to a speed suitable for particles to agglomer
ate. When particles have achieved sufficient size, the mix
ture is again allowed to settle. When the desired compac
tion of the sludge material is achieved, the sludge scrapers 
are engaged amd used to move the sludge to the sludge 
hopper. The clarified liquid is discharged hom the hot
tom of the tank. 

The apparatus as used in the present design consists of: 
A. A mixing and settling tank containing inlets for the in

t~oduction of .liq~ids , mixers for the rapid and slow agita
hon of the hqUld, a tube skimmer for the removal of 
floated material, a sludge hopper for the removal of set
tled solids, and an outlet from which a clarified liquid is 
pumped. 

B. A flocculating and mixing a~sembly contained in the 
tank described in (A) possessing a variable-speed mixing 
capability to provide for both rapid mix and flocculation 
regimes. 

C. A chain-drawn sludge-scraper mechanism contained 
in the tank described in (A) consisting of two parallel 

Figure 6. Schematic for treating wire drawing lubricant waste. 
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chains suspended on and driven by sprocket mechanisms 
and located on each side of the tank. Each chain makes a 
continuous loop along the top of the tank, descends to the 
bottom, travels along the bottom of the tank, in a direction 
opposite to its travel at the top portion, and rejoins the top 
portion by climbing up along the opposite end. The chains 
are connected by horizontaf boards or Rights which skim 
floated material as they travel across the top and rake set
tled material as they drag across the bottom of the tank. 

D. The CaS preparation tank which contains a stainless
steel sparger, a motor-driven mixer, a pH electrode, and a 
pressure gauge. A diagram of the CaS reactor is shown in 
Figure 7. H,S enters the CaS tank while the lime is agi
tated slowly. The addition of H,S to the tank stops when 
the pH reaches a predetermined value. The pressure 
gauge is used to detect any buildup of H,S pressure in the 
gas-tigh t tan k. 

SUMMARY 

A new process was developed for treating waste dis
charges consisting of oil emulsions and dissolved copper 
from wire-man ufacturing plants. The two-stage process in
volves addition of polyelectrolytes to break emulsions and 
CaS to precipitate copper sulfide from dissolved copper 
solution, which resists conventional treatment. The pro
cess was demonstrated on the pilot and full scales, 
reducing the copper concentration to lower than the per
missible discharge level. 

The cost for constructing the treatment facility was esti
mated to be approxim'ltely $50,000 (by 1982 figures) of 
which $21,000 was for rearrangement and installation. The 
yearly chemicals cost would be $10,000. If the plant does 
not install the facility and chooses to haul away the waste, 
the disposal cost would be about $ 120,000/year including 
transportation and treatment. The construction of the facil
ity would save approximately $llO,OOOlyear, thereby ef
fecting a 6-month payback. 

The use of the CaS process for treating such waste is one 
of many applications of the process. The process has po
tential application for removal of other metals, including 
Cd, Cu, Pb, Ag, and Zn, even in the presence of organic 
complexing agents . 
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Wastewater Treatment at a 
Coal-Liquefaction Facility 

Operating experience in wastewater treatment at the coal-liquefaction facility 
in Wilsonville, Alabama, confirms that synfuel plant wastewater can be suc
cessfully treated. 

James B. Sapp, Catalytic, Inc., Wilsonville, Ala. 35186 

The Advanced Coal Liquefaction Research and Develop
ment Facility in Wilsonville, Alabama, is currently 
permitted by the Alabama Water Improvement Commis
sion and U. S. Environmental Protection Agency to dis
charge treated wastewater into a recreational water body. 
Since start-up of the biological treatment system in Janu
ary 1979, all discharge parameters have been met by a 
significant safety margin, thus demonstrating that 
wastewater from an operating coal-liquefaction plant can 
be successfully treated. 

The process wa~tewater at the Wilsonville Advanced 
Coal Liquefaction R&D Facility is generated by three 
process units, a solvent refined coal unit (operated since 
January, 1974), a Kerr-McGee Critical Solve nt Deashin),( 
unit (operated since June, 1978), alld an ehull ated-bed 
H-oil hydrotreatcr unit (operated sillee May 1981), Until 
1979, th is wastewater was treated at a nearbv utility plant. 

In November, 1977, it was decided that tfle Wilsonville 
Faeility should have a wastewater-treatment system de
si),(ned' speeilieally f'll' the unique wastewater streams 
),(enerated by the process units, 

The two Wilsonville Facility sponsors, the E lectric 
Power Researeh Institute and the U. S, DepartmentofEn
er),(y, and the nwn>l),(ing organization, Southern Company 
Serviees, Ine" awarded the contrad fi )r the design and eon
struction of the wastewater-treatment system to Catalytie, 
Ine. of Philadelphia, Pennsylvania. 

The Catalytie Environmental Systems Division started 
initial treatability studies in Fehruary, 1978. Several arti
cles and reports are available that disc llss the treatab ility 
studies, design basis, alld start-Ilp phase, [1,2, 3J 

Three treatment systems were investigated. These were 
rotating biological eontadors, aerated lagoons, and 
activated-sludge systems, It was dete rmined that u two-
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stage activated-sludge system with the features and provi
sions listed below would best meet the needs for 
wastewater treatment. 

• Full wastewater-colleetion eapaeity 
• Surge and storm runoff capacity 
• Oil removal 
• Catalyzed oxidation of sulfide-bearing wastewaters 
• pH adjustment and equalization 
• Activated-earbon addition (DuPont PACT proeess) 
• Aerobic.: digestion of the biological sludge 
• Sand-bed drying 
• Multimedia filterin),( before discharge 

The.' designlogie alld practical t'x l)cricncc that didated the 
need for the ahovl' features IS a< dressed In the lollowing 
sections. 

Wastewater collection and characterization 

Normally, all wastewaters fi'om the Wilsonville Facility 
are treated re),(,mlless of orig in. ilowever, the desi),(ners 
chose to split th" wastewaters into a high-strength system 
protected li'om rain runoff~ ealled the caustic-waste syste m 
(CWS), and a low-stren),(t h system including rain runoff 
called the liqllid-waste stream (LWS), Figure I. The 
ca llstie-waste stream is rollted through a l2,()()O-gallon 
(45.4-m") carholl-stee l head tank to the treatment system. 

The liquid-was te stream is comhined with the treatl' d 
caustic-waste stream in the eqLlaJization storage ha
sin. The surge capaeity of the systems incl udes 
two 1O,()()()-gallon (:37,8 ,?-m") pretreatment tanks, a 
,??,()()()-gallon (208.2-m") l'mergeney holding tank , and the 
55,OOO-),(allon (208.2-m") eCI'Ja lization stora),(e basin, The 
relatively large surge capacity is Ilsed to hold and dilute 
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Figure I. Wastewater collection system. 

high-strength spills, and to retain wa~tewater feu bio-food 
during extended shutdowns. 

The caustic-waste stream, and the liquid-waste stream 
have been characterized, and their normal variations in 
strength and volume are shown in Figure 2. The wide vari
ations in characteristics are a result of changes in the feed 
coal, operating conditions, and the processes investigated 
in the research and development effort. 

OIL REMOVAL 

The caustic-waste system (CWS) contains separable or
ganics that are removed by gravity in a l2,OOO-gallon 
(45.4-m3

) carbon-steel head tank. Both light and heavy oils 
are present in the CWS, and the head tank was designed to 
allow the removal of the oil from both th e top and bottom of 
the tank. The emulsified oil is further reduced by pro
cessing through a vertical-tube coalescer before pretreat
ment. 

The IicJuid-waste system provisions lor oil removal con
sist of a four-chamber concrete b'L~in where the floating 
oil is removed by conventional surface-removal tech
niques. Primary sludge is removed periodically from the 
first and second compartments of the LWS, and is handled 
as a toxic waste. 

Pretreatment and sulfide removal 

The caustic waste, with a pH of9.8 to l3.5 and a sulfide 
content of up to 4,500 mwliter, is treated in the two 
1O,OOO-gallon (37.85-m') sulfide-removal chambers (see 
Figure 3). The caustic waste is batch catalyzed with 400 
mwliter of manganese sulfate and diflused air at 250 
SCFM (7.l m'/min). The chambers are used alternately to 
maintain aeration operations in one while the other is be
ing filled. The finished batch is tested for sulfide content 
and either released or further aerated until the sulfide is 
below 20 mWliter. If necessary, it is oxidized with perox
ide, prior to pH adjustment with sulfuric acid, so 
hydrogen-sulfide gas will not be reJe.t~ed at the lower pH. 
The batch pretreatment system afl()rds an excellent oppor
tunity for visual observation of all feed waters prior to 

CAUSTIC WASTI SUMP UQUID WASTE SUMP ·COMBINED 

CWO lW. 
FLOW.GPO 4.000· 15.000 5.000·21 .000 ~ 
PH 9 .8·13.5 3· " 9 .5·10.5 

BOD. MGll 250·2.500 7·23 100·1.100 

COD. MGll 900·5.500 NA 400·8.000 

PHENOLICS. MGIL 30·800 0.1 ·1,0 20-600 

OIL & GREASE . MGIL 20·1'0 1·15 5·70 

SULfIDES. MGIL 70·3.400 1 .• I.. 
NH3' N. MG/L 75·200 .. 15·75 

• STREAMS COMBINED AftER CATALYZED AIR OXIDA nON Of CWS AND EOUAlIlA11ON 

, GAL ~ 3.79 X 10-3 M3 

Figure 2. Wastewater characteristics. 
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Figure 3. Wastewater treatment system. 

transfer to the equalization storage tank. If an unusual 
color, oily sheen, or an abnonnal appearance is evident, 
the waste is tested for phenol and COD. 

The use of 50% hydrogen peroxide was originally in
tended as a polishing step for sulfide conversion if air oxi
dation failed to reduce the concentration rapidly enough. 
The peroxide can also be used to reduce the phenol and 
COD content of the wastewater in the presence of the 
manganese-sulfate catalyst and air. 

Coal liquids consist of many different organic com
pounds, and th e chemistry of the peroxide reaction has not 
been defined. In practice, the COD has been reduced in 
the premix chambers from levels as high as 20,000 mwliter 
to a 2,000 mwliter range with a one to one and one-half 
volume percent addition of 50% hydrogen peroxide. The 
reaction usually takes place within 12 hours after peroxide 
addition and, in some cases, a precipitate is fonned and 
settles, thus removing some soluble COD. Also, the resid
ual hydrogen peroxide has not decreased the effiCiency of 
the micro-organisms in the biotreatment tanks. Hydrogen 
peroxide usage has averaged 300 to 400 gallons (1,136 to 
1,514 liters) per month. 

Equalization storage 

The equalization storage tank is a 55,000-gallon 
(20B.2-m 3), 30 ft (9.144 m) by 30 ft (9.144 m) by 10.5 ft 
(3.2 m) deep, concrete basin that is located below grade. 
The drawoff point is protected by a baffle to allow a 2.5 ft 
(0.762 m) bUildup of sludge in the bottom. The pH is 
controlled in the 9.5 to 10.5 range since the bio-reaction 
tends to drive the pH to the acid side. The sludge from the 
equalization storage basin was removed, for the first time, 
by pumping in October, 19B1.ltwas and will be treated as 
a toxic waste liquid until it is fully characterized and other 
treatment methods are developed. An attempt was made to 
dewater the equalization storage tank sludge on the sand
drying beds, but this sludge did not de water well. 

Biolagical treatment 

The biological-treatment system consists of a packaged 
two-stage return activated-sludge system with multimedia 
sand filtration of the final effluent. A schematic diagram 
of the biological treatment system is shown in Figure 4. 
Provisions were made in the design to add powdered acti
vated carbon to either bio-reactor using a pump and educ
tor system. 

The first stage has a hopper-bottom-type settler with an 
air-lift type sludge return. The supernatant liquid from the 
first stage flows by gravity to the second-stage bio-reactor 
and then to a mechanical rake-type clarifier with an air-lift 
type sludge return. The supernatant liquid is routed 
through the multimedia filter to remove additional sus
pended solids before discharge to the receiving stream. 

Dissolved oxygen is provide d by a 310-SCFM 
(B.B-m3/min) blower to each of the bio-reactors. Nutrients 
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Figure 4. Packaged bialagical system. 

are added as required so that small amounts of nitrogen 
and phosphorus are present in the effluent waters. 

Removal of BOD and phenolics are typically in the 96 to 
98% range in the first stage. However, this level of re
moval is still ahove the Alabama Water Improvement 
Commission permit requirements. In the second stage, a 
biological culture has evolved that removes the more 
difficult to degrade organics, and the BOD and phenol
removal specifications have been achieved. 

The system was seeded in January, 1979 with a bio
culture from a nearby coke-oven wastewater treatment fa
cility and the culture responded well to the pilot-plant 
wastewaters. It has not been necessary to re-seed or bio
logically enhance the system since start-up. 

The activated-carbon dosage rates to the bio-reactors 
were lOO Ib (45.4 kg)/day during plant start-up. However, 
the high activated-carbon addition rate caused poor set
tling of the fine carbon particles in the clarifiers. and re
sulted in frequent plugging of the m ul timedia filter. After 
initial start-up, the addition of activated carbon was 
stopped, and the solids-settling problem gradually sub
sided. Since start-up, the addition of activated carbon has 
proven to be a valuable tool for prevention of toxic shock to 
the bio-culture in periods of excessive loading. Also, when 
daily analyses of phenol in the efltuent waters are in an 
upward trend, a 50 to lOO Ib (22.7 to 45.4 kg) charge of acti
vated carbon to the system usually reduces the phenol 
level by 50% within hours. 

On June 21, 1980, an exchanger failed on a distillation 
column and a relatively large amount of highly phenolic 
organic oil was discharged into the plant cooling-water 
system. Tbe oil leak thoroughly contaminated the cooling
water system and the cooling water had to be purged and 
treated in the wastewater system. Figure 5 shows the value 
of activated carbon in handling the 20-fold increase in phe
nol within a 5 day period. Hydrogen peroxide was also 
used in the pretreatment vessel, but the volume and con
tamination of the influent waters were such that the phe
nol concentration reached a peak of600 mg/liter in the bio
feed. Phenols are generally considered toxic above a 140 
mg/liter level [4]. The value of the activated-carbon addi-
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tion in proteding the bio-culture in a severe shockload sit
uation, and in ultimately preventing a permit violation is 
very evident. 

The multimedia filter is used as a final polish filr sus
pended solids and has perf(mlled well. It is nonnally back
washed to a catch basin and the water is reprocessed 
through the system. A daily baekwash is usually sufFicient 
to keep the filte r in good condition. The filter has been 
rebuilt once since startup, and has given little troubl e. Sus
pended solids going to the filter are normallv in the 25 to 
120 mg/liter range and are less than 10 mg/liter after 
filtration. 

Sludge han cling 

Solids are wasted from both activated-sludge systems to 
maintain a.30-to 50-day mean cell residence time(MCRT). 
An aerobic digester was provided with a 5- to lO-day 
residence-time capability. After digestion, the sludge is 
pumped to sand-drying beds, dewatered, and drummed 
wet at a 10 to 15% solids concentration. Prese ntly, the 
sludge is shipped to an EPA-approved waste-disposal site 
in western Alabama. 

System operation and performance 

The system is operated by filln filII-time operators on 
24-hour coverage who per/i)rm all of the analytical and 
operational work associated with the wastewater
treatment system. The in-plant analytical work is backed 
up by a private lab whose findings are used for the 
monthly and cluarterly reports recluired by the regulatory 
agencies. Most operational decisions are made by the op
erators, with only special cases requiring the attention of 
supervisory personnel. Normally, the treatment f'lCility is 
relatively trouble free. 

Yearly averages of the regulated ellluent parameters are 
shown in Figure 6. The table shows that the plant has been 
in compliance with all regulated parameters by a wide 
margin, and has not been out of compliance at any time. 
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PHENOL CONTENT, MG/L 
ACTIVATED CARBON FLOW, 

DATE 50% H202 ADDED, GAL ADDITION, LB GPM BIO-FEED FINAL EFFLUENT 

6/19 9.6 32 0.050 
6/22 9.6 27 0.058 
6/23 13.9 28B 0.055 
6/24 55 100 13.2 390 0.060 
6/25 165 100 10.7 450 0.049 
6/26 55 50 9 .4 600 0.060 
6/27 50 9.5 465 0.064 
6/28 11.B 270 O.OBO 
6/29 100 6.9 2.00 0.099 
6/30 7.4 435 0.07B 
711 25 9.0 147 0.100 
712 11 .4 127 0.095 
713 100 13.3 90 0.140 
714 12.4 72 0.140 
715 13.5 120 0.130 
716 100 B.4 NA 0 .150 
717 lB.l NA 0.085 
7IB 50 15.7 NA 0 .122 
719 12.6 NA 0.069 
7110 16.1 NA O.OBO 

1 GAL = 3.79 X 10-3 M3 

1 LB = 4.54 X 10-1 KG 

Figure 5. Wastewater treatment system performance after a plant spill on June 21, 1980. 

The success achieved at Wilsonville demonstrates that 
coal-Ii(lue/'lction wastewaters, containing a wide variety 
of organic pollutants, can he treated lilr discharge to recre
ational waters. 

Future plans 

The wastewater composition is somewhat different at 
Wilsonville than what is expected at a larger demonstra
tion plant. The pilot plant uses caustic-soda and water 
scrubbers f(lr acid-gas and ammonia removal, whereas a 
<:ommerciallilcility would include processes that reclaim 
the commercially marketahle components in these 
streams. The organic components of the wastewaters 
should be very similar, and the treatability of these 
contaminants should be similar regardless of the size. For 
this reason, the International Coal Refining Company 
(JCRC) and several government agencies are working 
closely with Wilsonville personnel in gathering data use
ful for the design of the treatment system for the planned 

AWIC 
PERMIT 
.!!!!!!!... .!!!!. .!!!2 .!!!1. 

FLOW. GPO NONE 16,224 19.219 22,406 

800. MGll 
HIGH 60 60 23.2 " AVG 30 3.' 4 .2 2.7 

1SS. MGll 
HIGH 60 27 33.5 4' 
AVG 30 6 .' 10.0 ... 

O&G. MGll 
HIGH 15.0 13.8 4 .3 ... 
AVG ,o.0 2 .' 1.3 .. 8 

PHENOL. MG/L 
HIGH 0 .50 0.43 0 .40 0 .50 
AVG 0.25 0.05 0.05 0.08 

PH 
LOW 6 .0 6.' 7.0 7.0 
HIGH '.0 8 .3 ... 8.8 

1 GAL ~ 3.79X,o·3MJ 

Figure 6. Wilsonville effluent. 
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6,000 ton-per-day demonstration plant a t Newman , 
Kentucky. 

A thorough analytical study of the wastewater and final 
effluent has recently been completed, and will be pub
lished in an upcoming lCRC quarterly report. 

The Oak Ridge National Laboratory (ORNL) is also 
investigating wet oxidation of the bio-sludge and other 
sludges as part of a United States Department of Energy 
program addreSSing the disposal of coal conversion
related sludges. 

In October, 1982, ORNL located a process development 
unit at the Wilsonville facility for testing the applicability 
of ozonation, reverse osmosis, and carbon adsorption to the 
treahnent of Wilsonville wastewaters. This test work 
should prove valuable as the technology moves toward 
zero discharge. 
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Recovery of Heavy Metals from Steelmaking 
Dust 

A detailed review of three feasible alternatives for recovery of heavy metals 
from carbon-steel, electric-are-furnace dust. 

E. Radha Krishnan, PEDCo Environmental, Inc., Cincinnati, Ohio 45246 

Each year the steelmaking industry produces more than 
1.8 X 106 metric tons of dusts containing approximately 1 X 

106 metric tons of iron, 90,000 metric tons of zinc, and 9,000 
metric tons of lead [1]. These dusts originate from three 
different types of furnaces: open hearths (OH), basic 
oxygen furnaces (BOF), and electric arc furnaces (EAF). 

In the electric arc furnace, approximately 1 to 2 percent 
of each charge is converted to dust or fume, which is col
lected in scrubbers or baghouses [2]. The chemical compo
sition of the dust depends on the type of steel product be
ing made, as shown in Table 1. Carbon-steel EAF dusts 
tend to be richer in zinc and lead because of the greater use 
of galvanized and other coated products in the melt [3]. 
Electric furnaces account for about 25 percent of domestic 
steel production, and the total zinc in EAF dust generated 
in the United States is estimated to be around 75,000 met
ric tons per year [4]. 

EAF dust is currently listed as a hazardous waste (Fed
eral Register, Vol. 45, No. 98, Section 261.32, page 33124) 
because of its toxic constituents (Pb, Cd, and Cr+·). Its 

TABLE 1. CHEMICAL COMPOSITION OF DUST FROM ELECTRIC 
ARC FURNACES [3] 

Stainless steel and specialty 
Carbon and low-alloy steels alloys 

Element Wt.,%' Range, % Element Wt.%b Range, % 
------ ------
Al 0.25 0.09-0.53 Al 0.40 0.20-0.60 
Ca 4.19 . 1.85-10.0 Ca 3.91 1.76-6.93 
Cd 0.05 0.03-0.15 Cd 0.46 0.006-1.79 
Cr 0.22 0.06-0.58 Cr 5.88 2.01-10.1 
Cu 0.23 0.06-0.32 Cu 0.62 0.09-1.26 
K 0.66 0.06-1.12 K 2.07 0.80-5.07 
Mg 1.68 0.77-2.93 Mg 3.78 1.70-4.74 
Mn 3.29 2.46-4.60 Mn 3.72 2.36-4.59 
Mo 0.02 <0.02-0.08 Mo 1.08 0.37-1.46 
Na 0.99 0.29-2.31 Na 2.12 0.47-4.60 
Ni 0.04 0.01-0.12 Ni 1.69 0.15-3.34 
Pb 2.02 1.09-3.81 Pb 0.52 0.23-0.78 
Zn 18.3 11.12-26.9 Zn 4.58 1.77-6.22 
Fe (total) 31.3 24.9-46.9 Fe (total) 27.0 22.2-35.5 
Fe+' 29.7 20.5-42.8 Fe+' 4.47 0.53-5.90 
Fe+' 1.46 <0.01-3.96 Cr+' 0.10 <0.01-0.17 
Fe' 0.09 <0.02-0.34 Si 3.38 2.54-3.92 
Cr+' <0.01 <0.01-0.02 CI 0.81 0.47-1.17 
Si 1.81 1.35-2.49 F 2.48 1.36-4.83 
CI 1.11 0.51-2.36 P 0.02 0.Ql-O.04 
F 0.41 0.01-0.88 
P 0.03 0.01-0.88 
SO. - 0.70 

• Arithmetic a\'era~es of dust from seven phllIts. 
b Arithmetic aVl'ra~ps of dust from four plants. 
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EPA-assigned hazardous-waste number is K061. As a haz
ardous waste, the dust must be encapsulated or trans
ported to a controlled landfill. Disposal is becoming a 
costly affair as disposal sites become scarcer and more dis
tant from the point of origin. This has led the steelmaking 
industry to look for other variable options for handling the 
dust. 

This dust represents a potential source of valuable ele
ments such as iron and zinc, the recovery of which appears 
to be a logical alternative to the disposal problem. Figure 1 
presents an outline of different recovery options for EAF 
dust. Recycling to the furnaces for possible additional iron 
recovery could be practiced ifthe zinc and lead contents of 
the dust are fairly low. Zinc and lead concentrations are 
somewhat high, however, especially in carbon-steel EAF 
dusts, and their levels could build up in the furnace. At 
high concentrations, these metals (as oxides or ferrites) 
have been found to attack refractories and cause rapid de
terioration oflinings in blast furnaces [5]; however, this ef
fect has not been proven in electric-arc furnaces. 

The recovery of such nonferrous elements as zinc and 
lead from EAF dust is another possible alternative. Such 
recovery could result in a residue that would either have 
been detoxified for disposal in a landfill or recyclable to 
the furnace for recovery of iron. When the zinc and lead 
levels in the dust are not high enough to be of interest, 
recycling to the furnaces could possibly concentrate the 

olnjeetion 
o GreenbalUng 

o Luchin, 
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Figure 1. Options for recovery of resources from electric-ore-furnace (EAF) 
dust [3]. 
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nonferrous elements to a sufficient degree to make the 
dust attractive for subsequent nonferrous metals recovery. 
Zinc contents of greater than 15 percent in the dust are 
generally considered viable for zinc recovery. 

The primary operations in nonferrous metals production 
are ore concentration and smelting. Ore-concentration 
techniques such as Rotation are not feasible for treating 
EAF dust because of the limitations posed by the fine 
particle size ofthe dust. Smelting for zinc recovery appears 
feasible, with lead being recovered as a byproduct of the 
smelting operation. The presence of tramp elements such 
as iron, cadmium, and chlorine in the EAF dust, however, 
can interfere with conventional smelting operations. 
Hence, recovery of nonferrous values from EAF dust re
quires a separate or add-on htcility dedicated to recovery of 
metals from steelmaking dusts and similar materials. Be
cause relatively small cjlIantities of steelmaking dust may 
be generated at any particular plant, the economics will 
generally require that the recovery process be used on a 
mixture of dusts from various sources. 

This paper discusses three promising smelting 
technologies that appear to be feasible for recovery of 
heavy metals from carbon-steel EAF dusts. The 
technologies include a caustic-leach electrolytic smelting 
process and two pyrometallurgical smelting techniques (a 
Waelz-kiln proccss and a process using an electrothernlic 
shaft furnace). 

ASSESSMENT OF PROMISING TECHNOLOGIES 

The developers of the three promising technologies 
have had some involvement (either at the pilot-plant or 
commercial scale) in recovery of metals from EAF dust or 
materials similar in composition to the dust. The caustic
leach electrolytic zinc-recovery process has been studied 
extensively by AMAX Base Metals Research and Develop
ment, Inc., in a pilot plant in Carteret, New Jersey; the 
Waelz-kiln practice filr processing EAF dusts is being 
used commercially by the New Jersey Zinc Company, 
Inc., in Palmerton, Pennsylvania; whereas the electro
thermic shaft furnace process using plasma heat has been 
piloted hy SKF Steel En),(ineerin),( in Sweden, and they 
are scheduled to place a cOlllmercial plant into operation in 
Landskrona, Sweden, hy late 1984. 

AMAX Caustic Leach-Electrawin Zinc Process 

AMAX initially investigated the caustic leach
electrowin zinc process in a pilot plant to determine the 
feasibility of recovering zinc from a high-iron zinc ore [6]. 
With minor modifications, this process can be used to re
cover zinc from complex zinc oxide-bearing Rue dusts 
such as EAF dust. AMAX has run bench-scale tests on 
various steel-plant residues containin),( >20 percent zinc 
and has obtained very encouraging results [7]. Because of 
the limited solubility of iron in caustic, the caustic leach
electrowin zinc process is especially advantageous for re
covering zinc from EAF dust; the conventional sulfate 
electrolytic zinc-smelting process would be fouled by the 
iron in the dust. The final product of the process is high
grade zinc (>99.9% Zn) in particulate filrm. 

Figure 2 presents a schematic of the process that AMAX 
used in their pilot plant to recover zinc hOl11low-),(rade 
zinc concentrates. The pilot plant can produce 1360 k),( of 
zinc per day by caustic leaching and subsequent electroly
sis of a calcine obtained from a low-grade zinc concentrate 
with a zinc content greater than 40 percent and an iron con
tent of about 17 percent. In this process, the dead-roasted 
calcine is first retreated by a kiln-type reduction roast to 
decompose the zinc ferrite formed during dead roasting 
and thereby improve the solubility of the zinc. The re
duced calcine is then leached in a 30-percent caustic solu
tion; the leach dissolves more than 90 percent of the zinc 
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Figure 2. AMAX process for treating low-grade zinc concentrates [6]. 

and lead present and most of the cadmium, but only a very 
small amount of iron (less than 0.5 percent). The zinc 
solubilization step can be represented as: 

ZnO + 2NaOH -> Zn(ONa)2 + H20 
sodium 
zincate 

The leach residue obtained after filtration is treated in 
an electric furnace (lined with burned magnesite brick [8]) 
to recover copper and precious metals and to produce an 
oxide dust containing zinc and lead, which is returned to 
the leaching circuit. The filtrate containing sodium 
zincate is purified in two steps: 1) aeration to precipitate 
iron as ferric hydroxide [Fe(OH)a], and 2) cementation 
with the zinc powder product to remove lead, copper, cad
mium, and other metallic impurities that are more noble 
than zinc. The cake remaining after cementation is sepa
rated and processed for lead recovery, whereas the 
purified solution is electrolyzed to recover pure zinc and 
to regenerate sodium hydroxide. The electrowinning step 
can be described by the reaction: 

Zn(ONa)2 + H20 -> Zn + 2NaOH + 1/2 O2 

Power consumption is approximately 1.2 x 10' J per kg 
of zinc produced. Makeup caustic recjuired is ahout 20 k),( 
per metric ton of zinc [8]. 

The process variation suggested filr treating steel
making dusts is depicted in Figure 3. For most steel dusts, 
the reduction-roast step is believed to be unnecessary; 
however, f'lr EAF dusts in which a Significant portion of 
the zinc is tied up as zinc ferrites, reduction roasting with 
carbon in a neutral atmosphere is essential prior to caustic
leach treatment [8]. MetaIHzation of the iron residue from 
the leaching circuit can be carried out in a direct-reduction 
kiln, and the iron product obtained can be recycled to the 
steel plant. The process can recover over 98 percent of the 
zinc in the dust. 
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Figure 3. AMAX pracess for recovery of zinc from steelmaking dusts [7]. 
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The AMAX process presents a technically feasible alter
native for recovery of heavy metals from EAF dusts. 
AMAX is currently performing bench-scale tests on dusts 
from domestic and European steel companies to deter
mine the applicability of their process to the particular 
dusts [8). They believe that economic commercial opera
tion would require a plant capable of producing about 
20,000 metric tons of zinc per year [7]. Different types of 
steelmaking dusts could be combined and processed in a 
commercial plant. 

New Jene, Zinc W.elz-Klln Process 

Over the past two years, The New Jersey Zinc Company 
has intermittently processed EAF dusts from various do
mestic steel plants in their Waelz kilns at Palmerton, 
Pennsylvania [9). Using the "American process," the plant 
also sepamtely processes a zinc-silicate ore (Ii'anklinite) lill' 
zinc-oxide production. Approximately 22,000 metric tons 
of EAF dusts were treated in 1980. The 6nal product ob
tained by processing the dusts is an impure zinc oxide con
taining about 60 percent zinc and 3 to 5 percent lead. This 
product is currently stockpiled and will be sold to another 
smelter for recovery of its metallic value. 

The Waelz-kiln operation at the New Jersey Zinc 
smelting facility is similar to the practice at the Berzelius 
plant in Duisburg, West Germany. The Waelz unit at the 
latter plant has been processing pelletized EAF dust at a 
rate of 50,000-55,000 metric tons per year on a full scale 
since the end of 1977; the process is stated to be econom
ical for zinc contents in the dust of greater than 15 percent 
[10). The impure zinc oxide sinter obtained at the plant is 
processed in an Imperial Smelting shaft furnace for simul
taneous recovery of zinc and lead. 

A simplified flow diagram of the process used to treat 
EAF dusts at the Palmerton plant is shown in Figure 4, 
whereas a detailed flow sheet for the "Waelzing" opera
tion is presented in Figure 5. The EAF dusts arrive at the 
plant by trucks or rail. The facility has a pelletizer lilT 
treating dusts that arrive in non pelletized fi)rm. The New 
Jersey Zinc Company has obtained a permit for storing the 
material. The pelletized dusts, limestone, and anthracite 
coal constitute the feed to the kilns. In the kilns, gas flow 

.SIGUt: 
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Figure 4. Simplified flow diagrom of Waelz-kiln proce ... 

Figur. 5. Detailed flow diagram of Waelz-kiln operation at the New Jersey 
Zinc Co., Palmerton, Po. 
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is countercurrent to solids How, and the zinc-oxide fume 
and kiln gases are withdrawn at the feed end. The zinc
oxide fume, known as Waelz oxide, is cooled by air dilu
tion and collected in baghouses. The Waelz oxide, which 
typically contains 50 to 55 percent zinc and 6 to 7 percent 
lead, is (.'onveyed to the sinter plant to produce the final 
impure zinc-oxide product. The residue from the kilns 
contains only 30 to 40 percent iron and cannot be recycled 
directly to the steel-plant furnaces. Tests conducted by 
The New Jersey Zinc Company have, however, found the 
residue to be nonhazardous; therefore, it can be disposed 
of in a sanitary landfill . 

The fee charged by the Palmerton zinc plant for pro
cessing EAF dusts from steel plants is a function of the zinc 
content of the dust. Normally, dusts with zinc contents 
greater than 20 percent are preferred. 

SKF PLASMAZINC Process 

The PLASMAZINC process, which was developed by 
SKF Steel Engineering in Sweden, uses a special type of 
electrothermic shaft furnace to recover zinc, lead, and iron 
from steelmaking dusts. Unlike the Waelz-kiln process, 
which yields an impure zinc-oxide concentrate for further 
reduction to metallic form by thermal or electrolytic meth
ods, the PLASMAZINC process produces a zinc vapor that 
can be directly condensed to liquid metal [11]. 

A flow diagram of the PLASMAZINC process is pre
sented in Figure 6. A leed consisting of untreated flue 
dust, coal powder, and process gas that has been preheated 
in a plasma arc to about 3500"C, is fed into the tuyere leve I 
of the shaft furnace. Coke is added from the top to fill the 
shaft. An endothermic reaction occurs at the bottom of the 
(.'Olumn between the oxide dust and the reducing agent 
(coal/coke). The plasma gas, which has a heat content of 
about 2.0 X 10' J/Nm3, supplies the heat for the reaction, 
since no oxygen or air is admitted to the furnace. In the 
reducing atmosphere created by excess coke, carbon mon
oxide and hydrogen are formed, which rise in the shaft. 
Most of the suspended particles are caught on the coke sur
face and eventually returned to the reaction zone. Crude 
iron and slag are tapped separately from the bottom of the 
furnace. Zinc and lead vapors rise with the furnace gases 
and are condensed and separated in a splash condenser. 
Since formation of carbon dioxide and water vapor is elimi
nated because of the reducing atmosphere, the reoxidation 
risk of zinc and lead vapors is minimized. 

The PLASMAZINC process has been piloted by SKF 
Steel Engineering in Sweden. The pilot plant, which is ca
pable of processing about 300 kglh of flue dust, has shown 
an iron yield of 99 percent and zinc and lead yields of 
greater than 97 percent on a typical dust containing 50 per
cent Fe,O", 25 percent ZnO, and 2 percent PbO. Theoreti
cally, waste oxides with only a lew percent zinc are equally 
well suited for the PLASMAZINC process, the main tech
nical re<luirement being that they be sufficiently dry and 
fine to a low for pneumatic feeding. The economic lower 
limit, however, is estimated to be about 10 percent zinc 

HIGH Btu GAS 
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Figure 6. Simplified flow diagram of the PLASMAZINC process [' I]. 
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[11). Carbon-steel EAF dusts, which typically have zinc 
levels of 15 to 25 percent and lead levels of 1 to 4 percent, 
are attractive raw materials for treatment by this process. 
The SKF process can also treat EAF dusts from stainless 
steelmaking, yielding a hot metal product containing the 
valuable alloying elements. 

A commercial plant using the SKF process and having a 
capacity of70,000 metric tons of dust per year is scheduled 
to he placed into operation at Landskrona in southwest 
Sweden by late 1984 [12). Baghouse dust from steel mills 
in Sweden and other Scandinavian countries will form the 
raw material to the plant; metals recovered will include 
iron, zinc, lead, chromium, nickel, and molybden um. Heat 
recovered from the plant will he used hy the Landskrona 
municipality filr district heating and other pnrposes. 

SKF Steel Engineering is cnrrently looking into the pos
sihility of constructing commercial plants in the United 
States. The promoters of the SKF process (SiAR, Tnc., 
Camhridge, Massachusetts), be lieve that Pittshurgh or 
Chicago would he good locations for such plants because 
of the concentration of steelworks in those districts [13). A 
supply of at least 50,000 metric tons of dust per year from 
neighboring sources would he re'luired fi)r economic op
eration of a plant. 

CONCLUSIONS 

The consensus among the experts in the areas of zinc 
smelting and recovery of heavy me tals from steelmaking 
dusts is that the recovery of zinc (and other heavy metals) 
from EAF dusts requires a f'lcility dedicated 10 that pnr
pose. It cannot he perfonned as part o!"the ongoing opera
tions at an existing zinc smelter, largely becanse of inter
ferences from constitnents snch as iron, cadmium, and 
chlorine. 

The three technologies discussed in this parer present 
technically feas ihle alternatives filr recovery of heavy met
als from carbon-steel EAF dnst, especially if the zinc con
ten t is greater than 15 to 20 percent. High-temperature kiln 
processing, which currently appears to he the most ad
vanced tec hni(jue for zinc and lead recove ry, is 
exemplified hy the Waelz-kiln operation at Palmerton, 
Pennsylvania. If it becomes commercialized in the United 
States, the SKF PLASMAZINC process may also oller a 
route filr heavy-metals recovery from EAF dust. The 
AMAX caustic leach-electrowin zinc process, however, is 
not yet availahle commercially, and does not present a 
mode for heavy-metals recovery from EAF dusts at this 
time. 

The recovery alternatives would be econom ically at
tractive to the steelmaker if the cost filr transporting the 
EAF dust from the steel plant to the recovery "lci lity is 
lower than that re'luircd fiJI' disposal of the dust at an 
ofTsite hazardous-waste landfill. Detailed econom ic anal
yses would have to be per/'lrmed for each steel mill/recov
ery plant comhination . Recovery-plant owners might be 
willing to pay f'lr part or all of the transportation costs. With 
increas i·ng costs for hazardous waste-disposal (as much as 
$100 per metric ton in some cases), recovery of heavy met
als may be the most economical and sensihle way of han
dling EAF dust. 
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u.s. Environmental Laws and Their Impact 
on American Steel 

Arthur D. Little casts an authoritative eye on the real effect of government reg
ulation on the competitive position of the U.S. steel industry. 

Stanley V. Margolin, Arthur D. Little, Inc., Cambridge, Mass. 02140 

Arthur D. Little, Inc. was commissioned by the American 
Iron and Steel Institute to obtain· objective industry-wide 
data and make an analysis in two areas critical to the steel 
industry's environmental management. Specifically, the 
study was designed to: 

1. Analyze the performance of the U.S. steel industry in 
meeting regulations stemming from the Clean Air 
Act of 1970 (Public Law 91-604), the Fedenll Water 
Pollution Control Act of 1972 (Public Law 92-500), 
and the 1977 amendments to both these laws. 

2. Assess the overall economic consequences to the in
dustry and the public ofmeeting these regulations in 
the future . 

Other important environmental problems, such as con
trol of hazardous pollutants and solid wastes under the Re
source Conservation and Recovery Act were not studied 
because regulations had not been developed in those areas 
when the study was initiated. Accordingly, costs emanat
ing from such regulations were not included in the report. 

There were two reasons for the study. First, the Ameri
can steel industry is concerned about a numberofl'lctors it 
believes have combined to reduce capital fimnation below 
the level needed to modernize its f'lCilities, to expand, and 
to satisfy mandated requirements so it can remain compet
itive in its domestic markets. This was spelled out in an 
American Iron and Steel Institute publication entitled 
"Steel at the Crossroads: the American Steel Industry in 
the 1980's," published in January, 1980, and further dis
cussed in a more recent publication, " Steel at the Cross
roads; One Year Later," published in June, 1981. Among 
these are de facto price controls, earnings near the bottom 
for the 40 major manufacturing industries, growin~ 
imports offoreign steel often allegedly sold at "dumping 
prices, escalation of steelmaking costs, inadequate depre
ciation allowances, and increasing government regulae 
tions with consequent accompanying demand on available 
capital. The industry estimates that if it is to remain viable 
and meet domestic requirements it will have to more than 
double its commitment of capital from the present level of 
approximately $4.3 billion/year to about $8.7 billion/year. 
(All dollar figures in this paper are in 1980 dollars unless 
specifically stated otherwise). 

Second, the steel industry believed that the time was 
then appropriate for an objective review of environmental 
requirements , both as they anect the industry and as they 
relate to ove rall environmental objectives and accomplish
ments . Almost a decade had elapsed since the American 
Congress enacted the basic environmental protection acts. 
During that time, concern had been growing about the 
economic consequences of the environmental regulations. 
Moreover, there have been advances in technical knowl
edge and significant improvements in reducing air and 

188 Auoust. 1983 

water pollution. Furthermore, the American economy has 
undergone a basic structural shift since the environmental 
laws were passed. U.S. productivity increases are at low 
levels. The U.S. balance of trade has run an average annual 
deficit of at least $30 billion over the last three years. The 
1973 oil embargo and the resultant energy crisis and in
crease in energy costs have added to inflation and the 
trade deficit and have caused pressure on the American 
dollar. The dollar has been devalued more than 20% 
against several other major currem:ies. Inflation is high 
and the unemployment rate is causing widespread public 
and private concern . 

APPROACH 

In performing the study, Arthur D. Little, Inc. recog
nized that its reports would, if the findings warranted, be 
used by the industry to support its efIorts to obtain a review 
of environmental legislation . TherelilTe, the study team 
analyzed the structure of the industry and evaluated the 
validity of the various issues raised by the industry in con
nection with environmental issues in this context. The 
team took special care to distinguish between industry po
sition and study findings . Our approach is summarized 
below. 

Arthur D. Little first characterized the U.S. steel indus
tryon the basis of size, complexity, plant technology and 
competitiveness. With this background, and with data 
supplied by a broad cross-section of AI 51 member compa
nies, Arthur D. Little evaluated the U.S. steel industry's 
perli)rmance in controlling its air emissions and water dis
charges. It then estimated the economic impact on the in
dustryof: 1) meeting current environmental requirements, 
and 2) having to meet projected future environmental 
requirements. 

The economic impact for air was calculated Ii'om capac
ity lactors fi)r major point sources and for fugitive emis
sions and then costed accordingly to the control devices 
considered. 

The economic impact for water was estimated as fol
lows: An environmental control profile for meeting cur
rent requirements for water was established. This profile 
was based on the U.S. Environmental Protection Agency 
proposed Effluent Limitation Guidelines lilT BATEA 
(Best Available Technology Economically Achievable). A 
contractor report to EPA was used to project future 
requirements. 

Arthur D. Little identified the technology and the 
equipment to comply with total environmental require
ments. Then, using an ADUAISI computer model, Arthur 
D. Little estimated the capital and operating costs of meet
ing requirements on a plant-by-plant basis. 
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U sing these costs and considering the capital available 
to the steel industry under present U.S. government poli
cies, Arthur D. Little projected those steel operations that, 
because of high operating costs, have the potential to be 
shut down regardless of environmental control costs; those 
that may shut down in part because of environmental con
trol costs; and those that may shut down primarily because 
of environmental control costs. The tonnage lost through 
these potential shutdowns was estimated; the tonnage 
figures were converted to manpower equivalents, and the 
manpowe r equivalents converted to potential job losses in 
the steel industry. Through use of a standard multiplier 
factor, potential joh losses or dislocations in steel-related 
industries also were estimated. Finally, the effect of these 
circumstances on imports was estimated. 

The cost numbers stated in this report filr air and water 
pollution control were reviewed with the U.S. Environ
mental Protection Agency (EPA). The Agency stated that 
the incremental cost numbers associated with their imme
diate programs seemed to be correct, but they have no 
plans for implementing such things as secondary air
emission control on existing point sources, control of 
thermal pollution and storm runofT, and zero discharge of 
pollutants in water. It is recognized that the Agency may 
not include all these areas in its rulemaking, but it is the 
opinion of Arthur D. Little that, either through state or re
gional initiation or by action of other federal agencies or 
other parties, these controls could be imposed under the 
present Clean Air and Clean Water Acts. 

INDUSTRY CHARACTERISTICS 

The U.S. steel industry is large. It consists of about 80 
companies with 400 plants in 37 states. These companies 
employed in 1981450,000 people and indirectly provided 
jobs for another 1,350,000 people in many industries . The 
industry's manufacturing operations are complex. It e m
ploys as many as 29 unit processes and a wide variety of 
equipment to make thousands of products that are used at 
all levels of the economy. 

In the United States, the steel industry does not suffer 
from a lack of raw material, infrastructure, markets, labor, 
or technical know-how. It does, however, operate many f'l
cilities that might be considered as old plants. Although 
the industry has upgraded the equipment within many of 
these plants, the plant-because of their age and site 
Iimitations-cannot take full advantage of the modern 
equipment and materials flow . 

Despite overall restraints, the U.S. steel industry em
ploys almost the same number of man-hours per ton of 
steel as Japanese producers. Over the past decade, its 
financial performance (return on capital) was superior to 
that of the European and Japanese steel industries, and it 
has remained competitive in its major market areas . 

The Clean Air and Clean Water Acts 

The Clean Air Act establishes two principal objectives. 
The first, related to primary air-quality standards, pro
vides for attainment by controlling certain "criteria" 
pollutants-sulfur oxides, total suspended particulates, 
carbon monoxide, photochemical oxidants, hydrocarbons, 
and nitrogen dioxide-and , in addition, hazardous 
pollutants which may have "adverse effects on public 
health." The second objective ofthe Clean Air Act is to at
tain secondary air-quality standards to protect the " public 
welfare"; that is , standards that are not necessary to protect 
public health. 

The Clean Water Act establishes two objectives. The 
first is aimed at controlling deSignated pollutants such as 
"conventional" pollutants (total suspended solids, oil and 
grease) and "other" pollutants (ammonia, phenol, cyanide, 
and designated toxic chemicals). The second objective of 
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the Clean Water Act is the total elimination of effiuents 
(zero discharge) . 

STATUS OF ENVIRONMENTAL CONTROL 

By the late 1960's the steel industry had installed control 
facilities on most of its point-source air emissions to com
ply with local and state regulations that were in efiect dur
ing that period. In addition, it installed facilities for control 
of water effluents in accordance with federal, state, and lo
cal regulations. These facilities, in general, were of the 
then-current state of the art and, in most cases, were 
retrofits to existing production facilities. Where new oper
ations were installed, the production facilities were 
equipped with the state-of-the-art conventional control 
equipment that was available at that time. 

As it entered the decade of the 1970's the steel industry 
had essentially controlled about 77% of its air-pollution 
emissions and about 65% of its water-pollutant discharge. 
The steel industry was controlling its pollutant discharge 
at a level commensurate with the regulatory requirements 
at that time. 

Since the start of the decade of the 70's, the American 
iron and steel industry has expended large sums of money 
to apply environmental control equipment for the control 
of air pollutants. The installation of control systems cov
ered many operations (such as coke plants, sinter plants, 
and blast furnaces) and the various steelmaking processes 
(basic oxygen furnaces, electric furnaces, open-hearth fur
naces, and finishing mills). 

In the previously described AISI survey, the level of 
control of particulate emissions over the decade and the 
status of TSP (total suspended particulates) air quality 
were determined. In analyzing this data, Arthur D. Little 
found that in 1979 the steel industry, overall, had capabil
ity of controlling 95% of its process particulate emission,' 
and further improvement was anticipated to the end of 
1982, the statutory deadline of the Clean Air Act. 

Many facilities are being installed at this time under 
agreements that have been negotiated with various 
regulatory agencies. Furthermore, additional require
ments are being installed under potential SIP revisions. 
Therefore, present industry commitments are expected to 
control about 96% of the air-borne emissions from the man
ufacturing operations' by the time the December 31, 1982, 
statutory deadline arrives, a one percentage-point increase 
achieved through the expenditure oflarge sums of money. 

Figure 1 presents the accomplishments of some compa
nies (designated by letters) in reducing TSP emissions. 
Several steelmaking areas-for example, Fairless Hills, 

• These dutil cunsider t:nntrnl of dust in "Ia.~ t fllrnact' ~as as a part III' npcmtinn (,fthe.' 
pnx:ess, not as pollutioll l"llIltrul . If that cuntrol were l"onsitiert'd a.~ plIllution-t'olltrul , 
these pert:cntilp:es would 1M:! 96% (1979) ;and 9H% (19H2). 

Figure 1. TSP pollution-control efficiency by steel componies. 
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Pa., and Sparrows Point, Md.-have already reached pri
mary attainment status for TSP. 

Since the initiation of programs by the steel industry in 
the early 1970's to further control water discharges, the 
steel industry has made substantial progress. For example, 
additional controls, such as biological treatment, were in
stalled on coke-plant bcilities, and control bcilities to 
recycle the process water were also added to the water
treatment systems of existing blast furnaces. Moreover, 
various types of recycle and end-of~pipe treatment systems 
were added to steelmaking and finishing operations. 

Data from the AISI previously discussed were used to 
determine the efficiency with which conventional pollu
tants (total suspended solids, oil, and grease) and other 
pollutants (ammonia, phenol, cyanide, and designated 
toxic substances) of water were removed. The data show 
that by the end of 1977 the industry had controlled 92% of 
the conventional pollutants (total suspended solids and oil 
and grease), and 1l2% of the "other" pollutants. FlITther
more, with the completion in the early 19110's of hlcilities 
now under construction or in the planning stage the steel 
industry expects to control about 94% of its conventional 
pollutants and Illl%ofother pollutants. FigllTe 2 illustrates 
the accomplishments certain steel corporations have made 
in reducing these pollutants. Besides the control of con
ventional pollutants, a Significant amount of control has 
been attained on other pollutants such as phenol, ammo
nia, and cyanide. 

Analysis of EPA data in the 19110-released Proposed 
Technical Development documents on the steel industry 
shows that BPT levels, as stipulated, would control 97.4% 
of the conventional pollutants and approximately 99% of 
the other pollutants-including all toxics. This would re
sult in a 91l.2% control of all pollutants. 

STEEL INDUSTRY ENVIRONMENTAL COMPLIANCE 

The U.S. steel industry has in place $1l.5 billion of en vi
ronmental control equipment f"r the control of air and 
water pollution sources. About $5.0 billion of this is f"r 
equipment to control air pollution aimed at meeting pri
mary or health-related standards established by the U.S. 
EPA. The remainder-$3.5 billion-is efl'tipment to con
trol water pollutants aimed at meeting water-discharge 
standards. 

In steel plants, the principal ("criteria") air pollutant be
ing controlled is total suspended particulates (TSP). As a 
result of installing control systems at coke plants, sinter 
plants, blast furnaces, and steelmaking furnaces, the in
dustry has substantially improved its capability to control 
TSP emissions. TSP control efficiency capability (per
centage of pollutants removed) of process emissions in
creased from 77% in 1971 to 9.5% in 1979. The industry es-

figure 2. Reduction efficiency of eHluent discharge by steel companies. 
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timates that, despite very sizeable additional expendi
tures, TSP control efficiency will increase only one per
centage point-to 96o/~by the end of 19112. 

As a result of the industry's eH"rts to comply with ex
isting regulations, the ambient air quality in several 
steelmaking areas has already reached primary standard 
"attainment," which means that it complies with the Na
tional Ambient Air Quality Standards established by the 
U.S. EPA. Most steelmaking areas, however, are not in at
tainment, even though comparable environmental control 
techniques are utilized. These areas are usually in large 
lIThan locations, whcre other industries and "non
traditional sources" (road dust, construction activities, 
wind erosion, agricultural activities, etc.) contrihute 
significantly to total suspended particulates. A recent re
port prepared f"r the U.S. EPA entitled "Setting Priorities 
f'lT Control of Fugitive Particulate Emissions f"r Open 
Sources" (prepared hy Harvard University School of Pub
lic Health) estimates that cmissions from "non-traditional 
sources" in urban areas exceed those hom point sources 
and "controlling" such sourccs would he more cost
effective in reducing TSP concentrations than additional 
control of point sources. 

The industry also has improved and continues to im
prove its control of water pollutants through the installa
tion of controls on coke plants, blast furnaces, and rolling 
mills through various types of recycle and wastewater
treatment systems. Control cfficiencies fin' water conven
tional pollutants (total suspended solids, oil and grease) 
were 92% in 1977, today are 97% and, with EPA's new 
BPT, will be 97% and, with EPA's new BAT, will be 99%. 
For other pollutants (ammonia, phenol, cyanide, desig
nated toxic chemicals), in W77 the control efficiencies 
were 1l2%; today they are Illl% and, with EPA's new BPT, 
will be 94% and, with EPA's new BAT, will be 99%. 

On an arithmetical average basis, in W77 the industry 
was controlling 1l7% of its water pollutants; today they are 
controlling 91 %, and with EPA's ncw BPT, will be 
controlling 95.5%, and again with EPA's new BAT, will be 
controlling 99%. 

COST OF COMPLIANCE 

As previously noted, the U.S. steel industry has in place 
$1l.5 billion in environmental equipment to meet air and 
water fluality requirements. ArthllT D. Little, Inc. esti
mates that the industry in the next f'HIT years will spend at 
least another $2.3 billion to comply with the current air 
and water environmental re(l'tirements, primarily those 
designated f"r the protection of health in attaining primary 
air-quality standards, and f"r achieving hest availahle 
technology f'lT control of water pollutants. 

To comply with projected future environmental require
ments (that is, to meet the primary and secondary on wel
hue standards f"r air and water-a worst-case scenario), 
the U.S. steel industry would have to incur an additional 
$7.7 billion in costs: 

In Place 
Incremental Capital 

Costs 
Total Capital Costs 

Total Annualized 

Operating Costs * 

19111-191l4 

$ 1l.5 billion 
2 .. '3 billion 

1O.1l hillion 

$ 3.19 billion 

1985-1989 

$10.8 billion 
7.7 billion 

18.5 billion 

$ 6.1l4 billion 

* 11ldl\de.~ opt'ralill~ and maintt'nancl' t"O.~t and l'apital n'('OV('ry l·harJ.:l' .~ hased on 10 
years with interest at 10%. 

Therefore, by 19119, the U.S. steel industry, under tbe 
worst-case scenario authorized in these statutes, would 
have a total capital cost of $11l.5 billion and total 
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annualized operating costs of $6.84 billion for environ
mental controls, the majority of which would be required 
to comply with meeting non-health related standards. 

IMPACT OF CURRENT AND PROJECTED FUTURE 
ENVIRONMENTAL REQUIREMENTS 

The impacts described below are broad estimates since 
the accuracy ofthe analysis on which they are based ranges 
from ± 15%to ± 35%. Nevertheless, they are indications of 
the seriousness of the problem. 

Based on tbe assumption that the capital available for 
steel facilities would be at approximately the same level as 
generated in 1978 hy the companies ' steel segments, the 
U.S. steel industry f'lCes an annnal capital shortfall of$3.9 
billion, excluding capital expenditures for environmental 
control. Meeting current environmental control require
ments increased the short"'" by at least $0.7 billion per 
year througb 19H4; meeting projected future environmen
tal requirements will increase the annual $3.9 billion 

shortfall by at least $1.3 billion per year from 1985 to 1989. 
Thus, the U.S. steel industry faces a minimum annual capi
tal shortfall of $4.6-5.2 billion through 1989, which would 
result in a reduction of shipment capability for the industry 
(see Table 1). 

The potential effects of this capital shortfall are shown in 
Tables 2, 3, and 4. By 1989, as marginal facilities are forced 
by lack of capital availability or profitability to shut down, 
steel industry shipments could decline by 8 to 20 million 
tons per year, with the largest decline depending princi
pally on the environmental requirements the industry may 
bave to meet. Some marginal facilities will close for rea
sons other than the cost of additional environmental 
control-approximately 6 million tons of shipment capa
bility. If the industry meets current environmental re
quirements, shipments could decline hy 12 million tons by 
1989. If the industry meets projected future environmental 
requirements, the decline in shipments would reacb 20 
million tons by 1989. 

These declines would translate into substantial job 

TABLE I. ANNUAL CAPITAL REQUIRE~IENTS OF THE AMERICAN STEEL [NDUSTRY(BILLIONS OF 1980 DOLLARS) 

Capital Expenditllres 

Replm.'cment and modernization of 
present steel capacity' 

Additional stee l prodllction capacity' 
Non-steel l 

Indllstrial health' 
Environmental control;! 

Total capital expenditllTes 
Othe r Capital Reqllirements 

lll<:reases in working capita}! 
Average annual capital rC(luirements 
Capital formation:' 

Capital shortl" I1* 

• Indmling l"apilall'xpl 'ntiilllrt's for t"llvironnwnlal l'ontrol. 

Current Projected FlItllre 
Re(lllirements Reqnirements 
Throllgh 1984 Throllgh 1989 

.5.5 6.1 

0.9 0.9 
0.1 n.1 
0.6 1.5 

7.1 8.6 

0.1 0.1 
7.2 8.7 
4.3 5.6 

(approx .) (approx.) 
2.9 3 .1 

(approx.) (approx.) 

Suurces: I. AISI "Sled allhl.' Crossroads: Tht" Amcri c,ln Sll·d Induslry in tht, IHHO\' January, 19HO. (Assumes raw steel capacity at IOH milliull tollS and 20 million tOilS ofilllport.~ of 

finished pmdlll't.~ ill WHO-Arthur D. LiUl l' Projel"lion). 

2. Arthur D. !.ittlt'. 1m .. t'.~till1alt's. 

:1. Eslimalt,d t'apillil ~t' II('ratioll assuminJ.: 110 major dllln~cs in ).!;tlvcrnnl4.'nl (·lIv imnmclltal . tilX. ;l1ld tmdt, ))(Ilicit·s. 

TABLE 2. CALCULATED FUTURE DOMESTIC STEEL SHIPMENTS BASED ON VARYING ENVIRO)lMENTAL REQUIREMENTS 
(MILLIONS OF TONS OF FINISHED PRODUCTS) 

Changes in Tonnage 

Due to 
Cases 1981 1982 19113 1984 1985 1986 1987 1988 1989 1900 Total Environ!. 

With no capital shortfil li 
Estimated capital shortfi.1I excluding 

92 98 105 106 108 109 III 112 114 116 

e nvironmental (haseline) 92 98 99 100 100 101 101 102 103 105 
Tonnage lost 0 I 5 () 2 0 2 0 I 0 11 0 

1) Industry mee ts curre nt 
e nvironmental requirements 92 98 98 98 98 99 99 100 101 103 

Tonnage lost because of 
environnumtnl control 
costs 0 () 0 0 0 0 0 0 13 2 

2) Industry mee ts current and 
projected future environmental 
requirements 92 91l 98 98 97 97 96 95 95 96 

Tonnage lost he cause of 
environmental control 
costs 0 0 I 1 I I 2 I I 20 9 

Projected consmnpti;m l 106 113 122 124 126 128 130 132 134 136 

Note: This tahlt.' docs 11111 tilkl' economic flm:tuations into l'onsidcmtioll. 
-1-. Rel'o~nizes anticipated at:lllal market conditions ill 19H1-19H2; trend Iint·,.-:wwth (from 1979 hase thcrcltlt t:!r). 
Suurl'c: Arthur D. Litl le . IlIl'. estimates. 
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TABLE 3. EFFECT OF PLANT CLOSINGS DUE TO IMPACT OF ENVIRONMENTAL REQUIREMENTS ON STEEL AND STEEL-RELATED JOBS BY 
1990 (EXCLUDING COMMUNITY LOSSES) 

Cases * 
Steel Shipment Loss 
(millions of net tons) 

Steelworker 
Job Losses 

Steel-Related 
Worker Potential 

Job Losses or 
Dislocations 

Total Potential 
J oh Losses or 
Dislocations 

Baseline 
1 
2 

o 
2 
9 

o 
9,000 

40,500 

o 
27,000 

121,500 

o 
36,000 

162,000 

"Case Definition: 
Baseline-no requirements for additionlll retrofittinj:!; of existin~ facilities. 
1. MeetinF: current environmental requirements. 
2. MeetinJ!; nil projec:ted future environmental requirements. 

TABLE 4. EFFECTS OF PLANT CLOSINGS ON IMPORTS BY 1990 (MILLIONS OF FINISHED TONS) 

Total Domestic Total Imported Steel % of Domestic 
Cases* Consumption Shipments" Requirements Consumption 

No shortfall 136 114 
Baseline 136 103 
1 136 101 
2 136 

... Cast' Definition 
Basehne no requirements fi)f additional retro6ttin~ of existin~ fa(-'ilities. 

1. Meeting (:urrent environmental requirements. 
2. Meeting all projeded future environmental reqtlirement.~ . 

.... Excluding exports amounting to 2 million tons. 

losses or dislocation in both the steel industry itself and in 
steel-related industries. Steel-industry job losses could 
range from 52,000 to 84,000 of which 25,000-57,000 could 
be attributed primarily to environmental requirements. 
Job losses or dislocation in steel-related industries could 
range from 156,000 to 252,000. 

Domestic consumption of steel is projected to increase 
from 117 million tons in 1979 to 136 million tons in 1989. 
With the decline in shipments projected for the above en
vironmental cases, imports would necessarily increase 
from the current level of 17 million tons per year to 50-58 
million tons (37-43% of domestic consumption). 

IMPACT OF POLICY CHANGE 

Since this report is limited to assessing the impact of 
regulating air and water environmental emissions, it does 
not include the potential changes relating to prices, depre
ciation; capital formation, taxes, international trade, em
ployment, and national security. These considerations 
must be assessed by others. 

The issues raised by the iron and steel industry with re
spect to the Clean Air Act and the Clean Water Act have 
far-reaching economic consequences. The position of the 
industry is that it expects to comply with all public health
related regulations. Therefore, the essential question is, 
once having attained the required degree of health-related 
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control efficiency, what future policies should the govern
ment adopt with respect to more stringent welfare or sec
ondary standards? Thus, it is an appropriate time for U.S. 
Government consideration of the question. In fact, the 
President's Executive order #12291 recognizes the need 
to achieve legislative goals efficiently rather than to set 
new standards which impose unnecessary burdens on the 
economy, individual, public and private organizations, or 
on state and local governments. 
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Power Plant Fly Ash-Disposal and 
Uti I ization 

Current and proposed disposal methods and resource-recovery processes are 
compared to established practice in the U.K. 

M. J. Murtha and C. Burnet, Iowa State University, Ames, Iowa 5OO11 
N. Hamby, Unive rsity of Bradf()rd, Yorkshire, England 

" In tbe 1960's it was the environment, in the 1970's it was 
energy, in the 191i0's the major crisis in the United States is 
going to be mate rials ." 

From the Federation of Materials 
Societies te stimony be fore the 
House Scie nce Committee, April 
19, 191i2. 

Disposal or utilization of solid wastes from coal combus
tion has become a proble m of increasing conce rn . The 
number of new, large, coal-fired power stations has in
creased, as has the amount of low-sulfilr, high-ash coal 
burned. There is growing interest in tbe recove ry of re
sources, primarily minerals, from the wastes produced as 
an alternative to disposal. 

The principal coal-related solid waste produced today is 
fl y ash from the combustion of pulve rized coal. The in
creases in the use of coal by utilities and in the rate at 
which ash is generated are shown in Figure 1 [1 , 2]. The 
most recent data available are f;)r 1980 and show that coal 
consumption is increasing, but not as rapidly as was pre
dicted at the time the 1971i U.S. National Energy 'Act was 
passed. This is due, at least in part, to a reduction in the 
rate of increase in electric-powe r de mand. In some areas 
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this rate has dropped from an average of about 7 percent, 
which was established over many years, to an annual rate 
as low as 1 percent. 

The principal concern of this paper is the disposal or 
utilization of fly ash, although related wastes are also dis
cussed. Improved flue-gas dean-up e<luipment and new 
pollution-control technologies such as flue-gas desulfuri
zation (FCD) often shift the residues from othe r ")rms to 
solids and increase the quantity of wastes produced. Col
ledion of coal-combustion wastes as solids can concen
trate toxic contaminants, which means better containment 
and control but also increased occupational exposure. If 
controls are inadequate, this can also mean higher local
ized concentration of toxic materials in the environment 
[3]. These f'lCtors must be taken into account when dis
posal or utili zaion are considered. The wastes can vary in 
form from slurries and wet sludges to dry powders, de
pe nding upon the source and control technology involved. 

ASH DISPOSAL 

Published regulations control the siting, construction, 
and operation of solid-waste disposal f'lCilities. Construc
tion and ope rating pe rmit applications require an appli-
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Figure I . Coal combustion and coal-ash generation data for U.S. power 
utilities [I. 2]. 
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cant to attest to the environmental compatibility of the pro
posed disposal site and planned operational procedures. 
Landfill sites are not only costly, but often years are re
<Iu ired f()r site approval because of the many environmen
tal factors involved. Consideration must be given to wate r 
and air quality, wildlife and a<luatic life , vegetation, aes
thetics, and othe r regional considerations. As available 
disposal sites are e ithe r filled or rejed ed because of envi
ronme ntal conside rations, til<' wastes must be transported 
greater distances , adding to disposal costs . 

Federal specifications set maximum effluent conce n
trations f()r landfill sites and ponds. Disposal of ash must 
be conducted so as to minimize and contro l contact with 
water, sometimes requiring the nse of day-lined pits. The 
fill environment should possess an alkaline pH to mini
mize solubilitv of trace me tals. The numhe r of fully satis
f,u:tory dispos;11 s ites available in most locations is li;nited. 

The most prevale nt method f(lT ash disposal at older in
stallations is wet sluidng to ash ponds which are eithe r 
natural depressions Of man-lnade excavations. Many of 
these ponds havc direct surf'lce discharge to waterways or 
lakes . The amount of water required f()r wet slnicing is 
large, ranging from l ,200 to 40,000 gallons pe r ton of ash 
conveyed. Pondillg is now lookcd "pon as less desirable 
than dry disposal be!cause of I) the need to meet restrictive 
spec ifi cations on total suspended solids (TTS) in tht, 
outflow, 2) the difficulty eneountered in protecting 
ground water hom leachate eontamination , and 3) the loss 
of fl exibility in re ust' of the ash or in reclamation of th l' 
di sposal site. 

Major items of eonside ration Ii". dry-ash dispos,t1 are: 
mate rial segregation , slll'bce-water protedion, placement 
and compaction, ground-water protection, and leachate 
co llection and treatment. For long-term storage or dis
posal, the dry ash is conditioned with wate r to an optilllulll 
Illoisture content he fore it is dumped and eOlllpacted. A 
layer of porous bottom ash , ahout three fee t (one Illeter) 
thick, is plaeed in the bottom o!'the fi ll to act as a drainage 
(·ollector and to se rve as a medinm fill' place ment of drain
age llt'aders and laterals [4]. Prope rl y des igned and main
tained dry-ash fill sites, when filled to eapac ity, may eVl'n 
result in an improvement over the original site. 

The method of ash disposal is influenced also by the 
typt· of coal bllrned alld the amount of water available. If 
the coa l ash is of high ealcillm content or the sllpply of 
water is limited, the ash will normally be handled dry. 
High-call'illm ash willlill'ln deposits that dog pipes used 
in wet disposal. For these rl'asons, and those mentioned 
ahove, lItilities pre fe r to use dry-ash disposal systems if 
possihle. Dry handlin g also produces the Hy ash in a more 
salahll' 1')I'Ill ready for storagl', monitoring, ami transporta
tion. 

Bottom ash should he collected sepantle ly because it is 
quite inert ami eonlains ouly small ,unounts ofsoluhle ma
terial. Dired surl'lce runoff from hottom ash is normally 
suitable f'JI' discharge . There is an e stahlished market liJl' 
about one-halfofthe hottom ash produced in the U.S. Uscs 
include rooflng granules, anti-skid mixtmes f(JI' highways, 
and blasting grit. 

DISPOSAL Of fLUE-GAS DESULfURIZA TION SLUDGE 

A 1200 MWe power plant burning high-sulfur coal at lOO 
pe rcent load bctor will generate an annual total of about 12 
million tons (10.9 million metric tons) of wet sludge. The 
sulfur eontent of the coal and the amount of fl y ash which 
is collected with the sludge influence the quantity and 
quality of the sludge produeed . In general , 10wer-s ult'lr
eontent flue gases pe rmit more comple le oxidation during 
the scruhhing process, resulting in the f(lTInation of a 
sludge eontaining more CaSO.\ and less CaSO". Where fly 
ash is co llected combined with the sludge, a high suI btl' 
content and the presence offly ash in the sludge produee a 
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more stable mixture that lends itse lf readily to disposal [5]. 
FGD sludge solids consi st of silt or day-size partides of 

CaSO", CaSO" and fly ash which settle very slowly in 
water. Due to the fineness and plate- like structure of the 
sulfites, raw scmhher sludge is d'ficil·ntly handled onlv 
by pumping as a slurry. Even then its high viseosity ,It low 
shear rall' .' can cause plugging, while its thixotropic nature 
makes land di sposal dil'fiellit. In addition, the sludge con
tains a large ()Itantity of water which, if rl'lained , increases 
water conslllllption of the scruhhe r sys ll'1II and the size of 
the disposal area reqllired. TIll' sllpernatent water frolll the 
disposal area is frequently too high ill sllspended alld dis
so lved solids li>T re lease into stn'ams or ~rollild watl'r. Fur
tllt'r darification often reqllires a IIwehanical process 
SIIch as filtration. SllIdge of a high slllbll' content , often 
with additional Hy ash added , lIIay he di sposcd of withollt 
chelnical stahilization to 1(>I'In a cOlllpaeted landfill [6]. 

SELECTION AND CONSTRUCION OF DISPOSAL SITES 

During sih! st'1ectio ll , geologic alld grollnd-water cOlldi 
tiolls mllst he assessed and sprillgs or wells IlIIISt be 
drained or sea led. Crollnd-watl' r samples IIl1lSt be col
lectl'd from throllghollt the site to estah li sh cOllditions 
priorto di sposal. III ('very case, slll't;.n· walers IllIlSt I", pro
tected during alld ,dkr constr llction ofa disposal sitl'. !\1ca
sll res to achil've this incllldl' proper sit<- design with re
spect to the IIS(' of ditches and ll'rral'('S to drain and divert 
waters from the site ami the conlailln"' lIt and treatll"'lIt of 
potelltially cOllt'lllIinated I'IInofI prior to discharg(· to Slll'
b(:{' wateTS . 

To protect the grollnd wate r from l'ontalll illation hy 
leaehates, th(· fill III li St he constrllcted ovl'r all illlpervio ll s 
hOllndary. Ifpossihll', the sitl' is seJ..cted where inlpervi
ous layers o<:t'lIr naturally. [fa plal:ed liller must he IIsed , it 
sholl id not bl' ('xposcd to hydrostatiC' pressllrl' as may he 
l:reated by a high wa\('r tahh·. Thi s IIpward prcss llre ean 
I'IIptlll'l' the lill('l'. 

Provision IllIISt he made to draill li'lllid froul the fill ill a 
controlled nHII1I1(' 1'. TIll' leachate call 1)(' 1II0nitored and 
treated, if reqllired, to met e lHllellt stalldards. Drainage 
shollid occur naturally through a sysl!!111 of pipe hite rals 
phlcl'd in a prl'violls hottom lay,' r. The pipes III liSt hc con
structed of a material se lected to withstand till' anticipated 
pH of the leachate [7]. 

COAL FLY-ASH UTtLlZATION 

Utilization , particularly of Hy ash, shows promise as an 
attractive alternative to disposa l. While the IItili zation of 
coal fly ash is incrl'asing, the amollllt req lliring di sposal is 
increasing even IllOH' . About 17 pe rce nt of the coal Hy ash 
eo lleded in thi s coulltry is now he ing II sed and thi s pri
marily tilT constrnetion-related applieat ioll s. By contrast, 
other industriali zed eOllntries traditionall v have had milch 
higher utilization rates: Germany, HO pel:cl'nt; Frall l:e, oS 
percent; and the Unitl'd Kingdom, .5.5 percent. Conversion 
of fly ash to lightwl'ight syntllt' ti l' aggregate is Widely 
practiced and highly developed in the U. K. 

Tahle 1 li sts eoa l-ash generation ,I nd IItilization data filT 
U.S. IItilities lill' the most rCC('lIt three years of record [/ ,8]. 
These data show a surprisillg decrease ill ash collection 
and utilization lin' the Veal' WHO. A si milar decrease in lItil
ization has been rl'I)(irtl'd in the United Kingdom where 
ash usage decreasel to abollt .'30 pe rce llt(4millioll tOilS , :3.6 
million metric tons ) of production for WHO. In hoth CO lln
tries the consll'llction illdustry is depressed, which has re
duced ash usage. III the United Statcs, however, coal eon
sllmption has continucd to illerease so that the reduced ash 
produetion is difficult to explain. It wOll ld appeal' that 
lower-ash-conte nt coal is bcing hUl'lled, possibly dlle to 
the increasing lise of coal c1eaniug to remove ash and py
rite prior to l:omhustion. III addition , an increasing amollnt 
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TABLE 1. COAL ASH COLLECTION AND UTILIZATION FOR 
UNITED STATES UTILITY COMPANIES [1, 8] 

Millions of Tons 
(Millions of metric tons) 

Item 1978 1979 1980 

Ash Collected 
Fly ash 48.3(43.9) 57.5(52.3) 48.3(43.9) 
Bottom ash 14.7(13.4) 12.5(11.4) 14.5(13.2) 
Boiler slag 5.1( 4.6) 5.2( 4.7) 3.6( 3.3) 

Total Ash Collected 68.1(61.9) 75.2(68.4) 66.4(60.4) 
Ash Utilized 

Fly ash 8.4( 7.6) 10.0( 9.1) 6.4( 5.8) 
Bottom ash 5.0( 4.5) 3.3( 3.0) 4.3( 3.9) 
Boiler slag 3.0( 2.7) 2.4( 2.2) loB( 1.6) 

Total Ash Utilized 16.4(14.8) 15.7(14.3) 12.5(11.3) 
Ash Utilized In Percent 

Fly ash 17.4 17.4 13.3 
Bottom ash 34.0 26.4 29.5 
Boiler slag 24.1 21.0 48.1 

Total Ash Utilized 24.0 21.0 18.7 

of coal fly ash is being used to stabilize FGD scrubber 
sludge and thus would not be reported. It is important to 
note, however, that, in spite ofthe 1980 reductions, 42 mil
lion tons (37.8 million metric tons) of fly ash required 
disposal. 

USE OF FLY ASH IN CEMENT AND CONCRETE 

Fly ash is a pozzolan, which means that it consists of sili
ceous and aluminous materials and has cementitious char
acteristics when mixed with water. Its mineral constitu
ents and proportions are similar to those of Portland 
cement so it has been used as a direct substitute for a 
portion of the cement in concrete and in soil-stabilization 
mixtures. Properly designed fly ash-cement combina
tions reduce water requirements, heat of hydration, and 
autoclave expansion. The resulting concrete shows im
proved workability and equal or greater strength com
pared to cement concrete. 

ASTM specifications for concretes made using fly ash 
set maximum levels for unburned carbon, sulfur, and alkali 
contents for both bituminous and sub bituminous-coal fly 
ashes. Fly-ash concrete is used widely in large structures 
such as dams, power stations, and silos. Other applications 
for fly ash in construction include concrete block, brick, 
pipe, paving, Iigh~weight aggregate, structural fill, a~d 
grouting. Table 2 hsts the amounts of coal fly ash used In 

TABLE 2. UTILIZATION OF COAL FLY ASH IN THE 
UNITED STATES FOR 1979 [1] 

Item 

Total Ash Collected 
Ash Utilized 

Commercial Utilization 
Raw material in cement clinker 
Ground with cement clinker 
In concrete and blocks 
Lightweight aggregate 
Fill material 
Stabilizer for road base 
Filler in asphalt mix 
Miscellaneous 

Ash Removed from Plant Sites at no 
Cost to Utility 
Ash Utilized from Disposal Sites 
after Disposal Costs 

Total Ash Utilized 

Fly Ash 
Millions of Tons 

(Millions of metric tons) 

57.5 (52.3) 
10.0 (9.1) 

0.62 (0.56) 
0.21 (0.19) 
1.90 (1.73) 
0.64 (0.58) 
1.00 (0.91) 
1.20 (1.09) 
0.60 (0.55) 
0.43 (0.39) 
6.60 (6.00) 
1.40 (1.28) 

2.00 (1.82) 

10.00 (9.10) 
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these various applications in 1979. It should be noted that 
20 percent of the ash used was removed from disposal 
sites, thus adding to the cost of the ash. 

MINERALS RECOVERY FROM FLY ASH 

Fly ash contains metals as both major and minor constit
uents, and is capable of becoming an inexpensive ore, thus 
solVing Simultaneously a national resource and a major 
waste-disposal problem. The recovery of minerals from 
fly ash requires methods that will attack the refractory 
glass matrix of the ash particles. The only exception is the 
recovery of an iron-rich fraction from high-iron ashes by 
magnetic separation. Individual coal ashes contain sig
nificant amounts of AI and Fe as the major constituents as 
well as sufficient quantities ofGe, Ga, Ti, Mo, Mn, CO, U, 
and Th to be ofinterest. Work on recovery of these metals 
has been reported [9, 10, l1]. The minor constituents, in 
general, are at the fly ash-particle surface and are removed 
during processing to recover Al and Fe. 

The chemical processes for recovery of minerals from 
fly ash are based upon the following treatments, alone or 
in combination: 1) leaching, 2) sintering, and 3) gas-solid 
reaction. Each of the three methods will be discussed 
individually. 

1. Leaching Processes 

Leaching processes are based upon either acidic or basic 
dissolution. For acid leaching, inorganic acids such as 
HCI, H,SO., or HNOaare used mostfrequentIy. Either raw 
ash or sintered or otherwise pretreated material may serve 
as the feed. The major variables are acid concentration, ex
traction time and temperature, agitation, and solid-to
liquid loading. After dissolution, the metals are usually 
separated by solvent extraction or ion exchange. A solid 
product is then obtained by precipitation or crystallization 
often followed by calcination to yield metal oxides. Metal 
values such as AI, Fe, Ba, Mg, Pb, Th, Ti, and U can be ex
tracted in this manner. 

In basic leaching, solutions of NaOH or alkaline salts 
such as Na,COa are used, often under pressure to permit 
use of elevated temperature. The solute is normally sepa
rated and recovered from the extract by precipitation and 
then calcined to an oxide product. 

Treatment of the ash by a leaching process alone gener
ally does not extract a high percentage of the contained 
metal constituents. Metal-ion solubilities may be low, 
there may be common-ion effects influencing solubility 
limits, or the leach liquor may not strongly attack the ma
trix of the ash particles. To remove more than a nominal 
percentage of the contained metals, a process requires the 
use of high solvent concentrations, high temperatures, 
long contact times, and low solid-to-Iiquid ratios. A flow 
sheet for a typical acid leaching process to extract metal 
values from coal ash is shown in Figure 2 [12]. 

2. Sintering Processes 

Leaching is most effective when used on ash materials 
that have been sintered to alter the aluminosilicate matrix 
of the ash. Sintering relies upon solid-phase or Iiquid
phase reactions at points of localized melting between 
particles to break bonds and form new compounds without 
complete melting of the reactants. Sintering is normally 
caITied out to form silicates that are insoluble in the leach 
solvent and aluminates that are soluble and can be recov
ered. For basic leaching, it is necessaary to form highly in
soluble silicate compounds, whereas, with acidic 
leaching, the silicon-ion solubility is very low and the alu
minates which dissolve are more readily recovered. 

When applying sintering to the recovery of alumina from 
ash, the silicates formed must be highly insoluble because 
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Figure 2. Schematic flow sheet for on acid process to extract metals from 
cool ash [12]. 

1) the common-ion effect between aluminate and silicate 
ions in solution prevents a sufficiently high concentration 
of the aluminate ion unless the silicate-ion concentration 
is very low, and 2) the final alumina product recovered 
from the extract must contain no more than 200 ppm Si in 
order to meet electrolytic cell-grade specifications. These 
solubility considerations dictate the raw materials and the 
leaching solutions required. Alkaline-earth compounds, 
separately or in combination with alkali compounds, are 
the sinter raw materials used, often with mineralizers 
added to enhance reactions and lower the required 
sintering temperature. In any case, the sintering is carried 
out at 1100 C to 1380 C, followed by cooling, crushing, and 
leaching of the clinker formed. 

The two most common sinter processes proposed for 
alumina recovery are a lime sinter and a lime-soda sinter. 
For the lime-sinter process, CaCOa is added as limestone 
and reacts with the silica in the ash at about 1380 C to form 
calcium orthosilicate (2CaO . Si02). When the clinker is 
cooled, the orthosilicate crystal lattice converts from the 
beta to the gamma form with a volume expansion of about 
10 percent. The results in a self-disintegration or 
"dusting" of the clinker into a powder of about 10-micron 
particles size to yield an ideal material for the subsequent 
leaching step. 

In the lime-soda sinter process, a small amount of 
Na2COa is added in addition to the limestone. The 
sintering can then be carried out at lower temperatures 
(1l00 C to 1200 C) with a Significant increase in AI recov
ery in the form of soluble calcium aluminates and sodium 
aluminates. A disadvantage ofthis process is thatthe clink
ers will not autodisintegrate. An example of the lime-soda 
sinter process for production of alumina and cement (from 
the calcium silicate residue) is shown in Figure 3 [13]. 

2Ca()OSiOZ 
SI..I.IlGE 

TO CEMENT 
MA>II'ACT\IOE 

",0, 
PAOOJCT 

Figure 3. Lime-soda-fly ash pracess flowplan for extraction of alumino 
[13). 
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Recent work has shown that a small amount of the refuse 
from the cleaning of high -sulfur coals is effective as a min
eralizer in the lime sinter process [14]. As with Na2COa, 
low sintering temperatures are possible and high alumina 
yields are obtained. Highly soluble calcium aluminosul
fate, 4CaO . 3AI20, . SO., is formed rapidly during the 
sintering and is the basis for the subsequent leaching step 
to recover AI. 

In sintering processes, the finely divided clinker is nor
mally leached with a dilute sodium-carbonate solution, 
but there are also processes in which lime sinter and Iime
soda sinter clinkers are extracted with acid solvents. Work
ers at the Oak Ridge National Laboratory have developed 
two of these processes. In the first, clinker from a lime
stone, fly ash, and CaSO. sinter is extracted using an 
H2SO. leach. Flue-gas desulfurization (FGD) scrubber 
sludge can be used as a source of the CaSO •. In the second 
process, clinker from a NaCI salt-soda ash-coal ash sinter is 
extracted using a HN03 leach. Acid leaching permits the 
dissolution of Fe and minor ash constituents such as Ti, U, 
and Th, in addition to the AI. The dissolved metals are then 
separated and recovered by solvent extraction and/or ion 
exchange followed by crystallization of precipitation. A 
proposed flow sequence for the ORNL Calsinter process 
which combines lime sintering with acid extraction is 
shown in Figure 4 [15]. 

3. Gas· Solid Proc.sses 
Minerals can be extracted from finely divided siliceous 

ores by reaction with gaseous reagents to form volatile 
metal compounds which sublime. At the Ames Laboratory, 
the HiChlor process has been developed for chlorination 
of coal ashes and other coal wastes in the presence of a suit
able reductant. Up to 80 percent of the contained AI can be 
sublimed from coal ash in the form of volatile AICI3 by re
ductive chlorination at about 850 C. It has been demon
strated that the formation of SiC I. from silica, the major ash 
constituent, can be suppressed by recycling SiCI. to the 
reactor. 

Work on the HiChlor process has indicated that the 
reductant used strongly influences reactivity. Either a 
CO-solid carbon mixture or carbonchlorine in the same 
molecule (e.g., phosgene) give the highest yields of metal 
chlorides. The formation of intermediate carbon-chloride 
free radicals appears to control the reaction. The use of 
solid carbon requires intimate contact between the carbon 
and the metal oxides. 

A Bow diagram for one version of the HiChlor process 
that uses a series of fused salt absorption steps and distilla
tion for product recovery and separation is shown in Fig
ure 5 [16]. This method can be used when the sublimed 
product from the reactor is anhydrous. When an aqueous 

Environmental Progress (Vol. 2, No.3) 



SOLIDS 

ALTERNATIVES 

MINOR METALS 
TO RECOVERY 

IF DESIRED 

Figure 4. Schematic flow sequence far the Cal sinter process for metals 
extraction from coal fly ash [IS]. 

~ .,-,-F"-'Y-,A,,,sh,--_.j 

~'.SoC' 

Producl 

Fused 5011 
F,C'3 -MOCl

3 

AIC'3 CO,C'2 

A:;;~ T'~. 50<\ 

· 'S"C 

co '0 
CcmbuSllOl'l 

0' 
Reaction 

r C-,-'2",.-,-S,-,C:..:I.!;..._Recyc,. 

C'2·T~ 
S,C'4 
Dlsflll 

10 aim 

T,a 

Recycle 
10 AbsOfbef 

10 Prfheoler 

FeCI3 CrystallIZer Fused soli ~ 
Fe03 

P,..dUCI 

Fused Sol! Recyde 1o Absorber 

F'C'3 . MOC'3 

Figur. 5. Schematic flow diagram for the HiChlor process for chlorination 
of coal ashes [16]. 

product recovery and separation system is to be used, the 
chlorinating agent can be gaseous HC\' The HCI can be re
covered and recycled if the purified metal chlorides are 
calcined to oxide products. 

Other methods that can be used for sublimation of con
stituents from coal ash include fluorination and 
sulfidization. None of these have been investigated as 
thoroughly as chlorination. 

SUMMARY 

Disposal of the increasing amounts of coal-combustion 
solid wastes in ways that meet environmental standards is 
becoming a problem of increasing concern. The waste now 
being generated in the largest quantity is fly ash, of which 
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only about 17 percent is being used. The remainder is be
ing dumped in dry or moist form and has the potential for 
being reclaimed when uses for it are developed. One pos
sibility would be the recovery of minerals so that the ash 
could become a major source for the AI, Fe, Ti, Ce, and Ca 
our country requires. Processing the ash for metals recov
ery would Significantly reduce the volume of ash for dis
posal, lessen the potential for environmental damage, and 
reduce requirements for alternate metal ores, many of 
which are imported at this time. 
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Management Options: On-Site Versus Off
Site Disposal 
The advantages and disadvantages of both on-site and off-site hazardous
waste disposal must be carefully weighed for each particular facility. 

Wayne K. Tusa, Fred C. Hart Associates, Inc., New York, N.Y. 10036 

Approximately six billion tons of solid waste were gener
ated in the United States during the last year. While the 
major portion of these wastes can be attributed to agricul
tural, mining, and milling operations, approximately 41 
million tons of hazardous wastes were also generated. The 
bulk of the waste, or 61.4 percent, was generated by the 
chemicals and allied products industry (Figure 1). Primary 
metal industries produced 9.8 percent of all hazardous 
wastes, followed by the petroleum and coal products in
dustries at 5.1 percent, the fabricated metal products in
dustries at 4.8 percent, and non-manufacturing industries 
at 4.8 percent. 

The types of hazardous wastes produced by these indus
tries typically reflect the types of products prepared by 
these industries for consumption (Table 1). These range 
from relatively small quantities of highly toxic, typically 
difficult-to-treat materials, such as organic halogenated 
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residuals, to more common wastes such as discarded sol
vents, oils, and sludges. Figure 2 presents additional data 
on the kinds of waste streams currently being regulated 
under the RCRA interim status program. 

According to USEPA estimates, the 41 million tons of 
hazardous waste is produced by approximately 750,000 
generators, of whicn over 67,000 generate more than 1 
melyic ton of waste per month. There are 5,000 hazardous 
waste transporters and 26,400 treatment, storage, and dis
posal hlCilities (TSDFs) currently in operation. Of the 
26,400 TSDFs, approximately 2,000 are surface impound
ments, 4,SOO are landfills or land treatment facilities, 
I,SOO are incinerators, and 13,400 are storage f'lcilities. Ap
proximately 14,000 of these will require eventual 
permitting under RCRA authorities. 

Various sources have indicated that approximately 70 to 
80 percent of all hazardous wastes are currently disposed 
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Figure 1. Sources of hazardous wastes. 

on-site. Table 2, for example, presents details on the per
cent distribution of on- and off-site disposal for the cate
gory of smaller generators across the nation. 

Unfortunately, EPA has estimated that up to 90 percent 
of the hazardous waste generated prior to the development 
of the Federal program was being inappropriately dis
posed (Figure 3). Whether or not those numbers are, in 
fact, accurate, an increasing number of factors are forcing 
many existing waste generators to examine two specific 
issues relating to the selection of either on-site or off-site 
disposal methods. These include: 

• Whether on-site disposal should be continued in 
lieu of off-site disposal approaches (and vice versa); 

• Whether new disposal capacity should be met by 
construction (or expansion) of new on-site disposal 
facilities or whether new capacity needs should be 
met via off-site contractural methods. 

DISCUSSION 

As noted, a number of factors are forcing consideration 
and/or re-examination of the issues relating to whether an 
on-site generator should dispose of its wastes either on
site or at an off-site location. Some of these factors include: 

• Increased Permitting Requirements 
• Higher Levels of Public Sensitivity 
• Disposal Capacity Requirements 
• Disposal Technology Requirements 
• Personnel Training Requirements 
• Management Flexibility 

TABLE I. PRODUCTS VERSUS TYPICAL WASTE STREAMS 

Product 

Plastics 
Pesticides 

Medicines 

Paints 

Oil, gasoline, and other 
petroleum products 

Metals 

Leather 
Textiles 

Source: USEPA 

Typical Waste Streams 

Organic chlorine compounds 
Organic chlorine compounds, organic 
phosphate compounds 
Organic solvents and residues, heavy 
metals (mercury and zinc, for example) 
Heavy metals, pigments, solvents, or
ganic residues 
Oil, phenols and other organic com
pounds, heavy metals, ammonia salts, 
acids, caustics 
Heavy metals, Huorides, cyanides, 
acid and alkaline cleaners, solvents, 
pigments, ahrasives, plating salts, oils, 
phenols 
Heavy metals, organic solvents 
Heavy metals, dyes, organic chlorine 
compounds, solvents 
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As a consequence, those personnel assigned the task of 
making these deciSions, i.e., rlant managers, ~isk!liability 
managers, corporate counse , corporate engmeers, con
sulting engineers, etc., are now hopefully examining very 
carefully the issues at hand relating to the maintenance of 
existing on-site disposal capacity, the procurement of off
site commercial services, and the acquisition of new or ex
panded capacity. In that regard, the following sections will 
aiscuss these issues as they relate to the relative advan
tages and disadvantages of on- and off-site disposal. 

Permitting 

For facilities with existing on-site treatment or disposal 
capacity, the permitting issue is a particularly pertin.ent 
one. The RCRA program, as codified in the 40 CFR 265, 
has and will continue to, . represent Significant financial 
burdens on generators that choose to operate these types of 
facilities on location. Specific requirements. for example, 
include the development of waste analysis plans, jnspec
tion plans, contingency plans, preparedness and preven
tion plans, closure and post-closure plans, groundwater 
monitoring plans , etc. Additional costs include the 
maintenance of adequate ~ite security, the completion of 
periodiC inspection reports, the development of a record
keeping and reporting system, the implementation of 
proper manifest procedures and the development and im
plementation of a personnel training plan. As well , 
specific operating designs and procedures are required 
for specific facility types. 

Even for plant locations with reasonably limited hazard
ous waste treatment and disposal activities, the above
noted more stringent permitting requirements are com
plex and, as well , represent significant outlays of 
employee time and dollars. For example, a $50,000 one
time cost to establish a relatively straightforward compli
ance system is far from exorbitant; more complex facilities 
can result in compliance costs over the $250,000 mark. 

Interim status facilities , with certain exception~, will 
also be required to meet Part 264 requirements for new fa
cilities and, as a consequence, at some point intime will be 
required to file a Part B application with EPA. These ap
plications are expected to be extensive in length and, 
while EPA had called in several hundred applications by 
the end of 1982, relatively little data has )Tet been made 
available relating to the actual costs borne by the permit
tees. What data is available suggests that $20,000 would be 
an extremely low estimate, based upon a very simple facil
ity (i.e., a small container stora~e facility for which the in
terim status compliance documents had been previously 
completed). Again, the upper limit of the cost range could 
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TABLE 2. DISTRIBUTION OF UN- AND OFF-SITE DISPOSERS 

Generators 

Disposal Method On·site On~site 

Landfill 2.9 48.4 
Incineration 1.5 2.6 
Lagoon 2.6 0.3 
Deep Well Injection 0.1 2.2 
Landspreading 5.8 1.2 
Others 6.6 2.8 
Recycle 2.6 20.4 

Total, % 
22.1 77.9 

Source: Temple, Barker and Sloane, Inc. 

exceed the $250,000 mark for larger, more complex facili
ties. Of note, these costs exclude those that would be asso
ciated with the public-hearing process. 

For proposed new on-site facilities, both the Part 264 
and Part 265 requirements must he met, with the submittal 
of the Part B application occurring at least six months prior 
to actual construction. 

For a generator, these issues are substantially less im
portant when off-site hazardous waste capacity is utilized 
since the commercial operator is responsible for com
plying with federal and, in many cases, more extensive 
state-level regulations as well. Naturally, the cost of com
pliance would be typically reflected in the off-site dis
posal fees. 

Public Perception 

How a company is perceived by the public is becoming 
increasingly important in its overall success or failure in 
the business community; for example, witness the trials 
and tribulations encountered by Tylenol Inc., the 
Mansville Corporation, and Hooker Chemical Corp. to 
name but a few. The role that the public's perception plays 
does vary by industry, fe)r example, with the nuclear or 
pharmaceutical industries being perhaps more sensitive 
overall to this issue than the plastics or electroplating in
dustries. However, the mere generation of hazardous 
waste by an industrial facility in almost all cases is per
ceived in a highly negative fashion. 

How does this relate to on- versus off-site disposal of 
hazardous wastes? For an existing facility disposing on
site, the answers distinctly relate to the past history of the 
facility's operations in the community. An unblemished 
record is an enviable one and those corporations currently 
enjoying such good fortune typically employ a manage-

90 .. UNSOUND 

\ 

'OUIICI: EPA IHDUITIIY ITUDII., flrs-tI1l. 

Figure 3. Percent 01 total ha.ordaus waste in the United States adequately 
dispused. 
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Waste Quantity 

Total On-site Ofl~site Total 

51.3 3.4 42.4 45.8 
4.1 1.6 5.0 6.6 
2.9 3.9 0 . .5 4.4 
2.3 0.3 5.6 5.9 
7.0 5.0 2.1 7.1 
9.4 6.1 2.8 B.9 

23 2.3 19.0 21.3 

100 22.6 77.4 100 

ment stall vigorously maintaining that record. In these 
cases the approaches utilized to maintain the status quo in
clude attention to detail, prompt compliance with applica
ble regulations, and oftentimes a highly reluctant taciturn 
approach to public disclosure. Unfortunately, with rela
tively few exceptions, the public is relentless in its vigil 
and even the slightest incident, including even the mere 
realization that a fiwility does handle hazardous waste, can 
lead to rapid erosion of the advantages associated with per
fect track records. 

For new facilities, or facilities for which expansion of ex
isting treatment or disposal capacity is needed, the issues 
may be more obvious since, inevitably, the permitting pro
cess involves some level of public disclosure. The overall 
success or failure of such an undertaking can depend heav
ily on the reputation and political strength of the industry 
in the community, the degree of perceived risks posed by 
the new or expanded f'lCilities, and, to a large degree, the 
personal skills of those involved in masterminding the ef
fort. Unfortunately, there are numerous examples where 
public opposition has effectively stymied all ellorts to site 
new hazardous waste facilities. In a relatively few number 
of cases, public opposition has also resulted in the closure 
01 active lacilitles. 

Some of these issues can be avoided by utilizing off-site 
disposal capacity. There are, however, a number of risks 
posed as well in contracting ofl~site disposal. For one. 
waste transport vehicles, with prominently displaced 
placarding, not only advertise the fact that the industrial 
facility regularly generates hazardous wastes, but also sub
jects the generator to the potential risks associated with an 
incident during transport. As well, and perhaps most im
portantly, past and potentially future disposal activities 
may have an impact on the public's perception of anyone 
industrial facility by virtue of the enforcement process that 
typically ensues when environmental liabilities are dis
covered at an off-site disposal facility. 

Disposal-Capacity Requirements 

A recent EPA-sponsored report suggested that, in the 
short term (1981), overall capacity shortfalls could occur in 
EPA Regions I, V, VII, VIII and IX and that regional 
shortfalls in capacity appropriate to specific waste types 
were likely to occur nationwide. While the report received 
a certain amount of criticism relating to the overall accu
racy of the data base, and while existing data suggest that 
waste-generation rates are down, the point is clear. Having 
adequate accessible disposal capacity is a prerequisite for 
efficient operation of many of our industrial facilities. For 
example, at certain locations storage or tankage capacity is 
limited; at others, the cost of transportation of the waste to 
an off-site location would render an operation non
profitable and, as a consequence, on-site capacity must be 
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developed. In brief, in certain situations, existing on-site 
or expanded on-site treatment or disposal capacity is neces
sary to guarantee that waste mate rials can be adequately 
managed and to permit continued plant operations. 

This consideration is often directly impacted, as well, by 
the quanhty of waste re'juiring disposal. Adequate dis
posal eapaeity may be diffieult to guarantee f(H the dura
tion of the generating process and , as a ·consequence, 
larger quantiti es of wastes may be considered in some in
stances, as requil'ing the development of on-site capacity. 

Disposal-Technology Requirements 

Relatively re ce nt advances in the engineering of 
hazardous waste treatment and disposal techniques have 
le d to the inereased development oftechnieally advanced 
eommereial treatme nt and disposal f"eilities which are 
equipped to process a large variety of waste types . High
temperature incine rators and liquid-treatment f" cilities 
e mploying physical , chemical, and biological processes 
are examples of high-technology f"cilities not in common 
use for hazardous waste manage me nt as little as five to 
te n years ago. For larger on-site bcilities, these 
teehnologies may be availahle at economically attractivc 
levek For smalle r laeilities, howeve r, and partieularly );,
e.l,tles lor wllH.:h a large variety 01 wastes are produeed, it 
1l1~'y be dilfieult to economicafly justify the development 
01 on-site disposal f"cilities deSigned to proeess a wide va
riety of waste types in limited 'jlHlntities. 

As well, the re lative hazard, or the degree of treatment 
required, can havc an impact on the availability of treat
me nt or disposal technology at cconomically attractivc 
prices. Highly hazardous wastes, I(lT cxample, are olien 
most suited for ()Il~ site disposal due to the more stringent 
proct'ss-eontrol requirements which may be required. 
Alternatively, waste streams which require only minimal 
treatment or pre-treatment prior to disposal, or which re p
resent only millimal risks when placed in the e nviron
ment, may be lllore readily suited 1(1f on-site treatment or 
disposal. 

Personnel Requirements 

While perhaps a less important issuc, the rapid develop
Ill t' nt of eomplcx disposal regulation s has reeently high
hghted the need lor highly skilled personnel in conside r
ing on- versns otl~site disposal. For exam pic , unless an 
on-site L,cility. is a suhstantial one, only a lew and perhaps 
less than mIL' full-tllnc person may he required to manage 
the program. TIll' difficulty I()r hoth existing and new on
site disposal capadty is that it is olten diffieult to ade
quatelv train and lnaintaill staffat th t: appropriate skill lev
e ls needed to respond to the demands 0)' the joh. Ofl~site 
cOlllmercial ladlities , sincc they aI'(' typically large r and 
snKe they can o!te ll draw on a pool ol'fnll-tillle prole ssion
als , ean often nIOl'( ' specifically mateh re'luil'(·d work e l~ 
forts with pcrsonlle l skilled in the speeific areas required. 

Management Flexibility 

_ The ntilization 0)' offsite di sposal capacity, particnlarly 
lor smaller ge ne!-ators , docs not always oflcr management 
a widc dcgree 01 flexihility in n"u"'ging hazardous wastes 
~e llerated Oil-site.'. III some areas , c011lmercial treatme nt, 
storage, aJl(1 disposal L,cilities have hel'n reported to he 
partieularly illsl' nsiti",' to generators olkring only slllall 
quantities of wastl' 1(,,' disposal. As a eOllsequenee, ninetv
day sto rage deadlines ean he diffi eult to mee t, contii, 
ge ncy events Illust he ml'l with J:.ci Iity personnel, and dis
posal eosts an' higher. While a n,""her ofapproadws arc 
availahle to improve this situation , the development of on
site eapaeity ean lead to a greate r degree of management 
flexihility in son Ie instane,,,. 
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Costs 

Obviously, an extremely important criterion for 
evaluating the relative advantages of on- and off-site dis
posal is the cost associated with disposal activities. This is 
particularly clear when one realizes that unit prices per 
fifty-five gallon drum can range Irom $20 to $2,000. Table 
3 presents dat~ on the current (1980) range of disposal costs 
for a vane ty of treatment and waste types. Additional dis
posal costs are also incurred as transportation charges, 
which depend in large part on the volume of materials re
quiring disposal and the distance to the off-site fadlity. A 
current typical cost for transportation charges is approxi
mately $0.15 per ton-mile. 

But how do on-site and ofl~site disposal costs vary? 
Excluding transportation charges , which can range from as 
little as ten pe ree nt to we ll ove r fifty percent of the total 
disposal eharges, one might suggest that the only real dif
lerence in di sposal costs between on- and off-site commer
cial beilities, when one eonside rs all eapital and operating 
expenditures, mip;ht he the profit colleeted by the com
mereial disposer/or his serviees. An examination of the lat
est annual reports for three of the largest waste 
manage ment firm s in the industry suggests that profits 
were approximately ten to filteen percent of revenues (ex
pressed as ne t income bel()re taxes divided by gross reve
nues ) lor the pe riod in question. However, this approach is 
a much too Simplistic one for a number of reasons. First, 
and perhaps most important, is the bctor of s(;ale . The 
effieiencies usually inherent in larger operations can, in 
this install(;e, lead to a bctor of savings hom two to five for 
large r h,c ilities. While tbis range of costs may not he partk
ularl y e vide nt currently in the market pla(;e, it is d ear that 
larger andlor more te(;hnically efficient offs ite commer
cial disposal £:lcilities can be '1uite eost-competitive with 
smaller on-site disposal £:,cilities in many situations. In 
other situations, where high transportation (;harges are 
incurred or where on-site Ii,eilitit' s have not yet ineurred 
substantial pe rmitting or eomplian(;e e/I(nts (wh ieh in the 

TAHL>: .1. COST OF OFF-SITE HAZAHDOUS WASTE DISPOSAL, 

19HO 

Disposal l\kthod 

Landfill 
\Vastes not ilt: lItely hazardou s, 
including sludge; 

Highly to xi<.: , expl osi ve , or 
readi vt" wastes 

Land Treatment 

IncineratiOlI 
High BTU value, no aentc hazard 

Highly toxi c , lH:'avy metal s 

Chc mic.:a i Treatme nt 
Adds, alkalines 

Cyanides, heavy metal s, highly tox ic 

Res011rcc Recovery 

Deep-We ll Injectioll 
Oily waste wah'rs 

Dilute toxic.: rin se waters 

Cost! 
($/we t kk~) 

20-90 

100-400 

5-25 

50-3()() 

3()()-!OOO 

t5-80 

100-500 

50-200 

15-40 

50-tOO 

I Ad ual n?Clfl l>d p rit't'S /j,r treilirlll ' 1l1 Imd disposal o)r hazanlolls w llste , exelnd ing 
trallsporlallill' . 

Source: JH H Associates, Inc. 
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past, at the state level, have largely been concentrated on 
the more visible commercial disposal sites as opposed to 

. on-site facilities), cost savings for current operators at on
site disposal facilities can result. 

With the exception of transportation costs, the potential 
for costs savings is less at new on-site facilities. Table 4 
presents a range of estimates for capital-related expendi
tures at new hazardous waste facilities . Unfortunately, the 
new on-site facilities most often must pass the same rigor
ous environmental and permitting review processes as 
would off-site commercial disposal facilities . 

Corporate Liabilities 

The real issue in asses sing the relative advantages and 
disadvantages of on- versus off-site disposal relates to the 
liabilities assumed by the corporation in selecting either of 
those options. This has become particularly evident, not 
only as the RCRA regulations have been implemented, but 
as federal and state enforcement activities under 
Superfund programs have been initiated: These liabilities 
can be expressed not only as to direct expenditures associ
ated with current disposal costs! but also as indirect costs 
relating to the requirements for increased corporate man
agement attention, the impacts of public attitudes on cor
porate success, and impacts on management flexibility . 
Pe rhaps the most important issue, however, relates to lia
bilities to be potentially incurred by the corporation in the 
future as a result of current disposal decisions. This may 
vary, depending on the specific waste and disposal tech
nology being considered. Treatment or disposal facilities 
that do not generate waste residuals requiring final dis
posal tVPically would not result in the potential for long
term liabilities. Incinerator facilities or waste water 
treatment facilities that do not generate toxic wastes or 
sludges requiring disposal would fall into this category fi>r 
example. Manv land-related disposal facilities, however, 
such as landfills, impoundments, and land treatment fa
cilities, pose a long-term risk to the environment, and, as a 
consequence, represent a long-term corporate liability. 
The extent of this liability is controlled by a large number 
of factors including in situ environmental conditions, the 
adequacy of the design and operational procedures, the 
waste types, the nearness of potential receptors, etc. As a 
resu lt, it is clear that actual on-site disposal represents a 
substantial potential for long-term liability exposure. for 
an existing on-site land disposal operation, site managers 
can take steps to limit their liabilities by improving site 
conditions, conducting site audits , iIllProving operational 
practices, and, in some instances, by closing existing dis
posal facilities and procuring off-site disposal capacity. 

This issue also suggests that utili zation of ofl~site dis
posal capacity is a method of reducing the potential long
term corporate liabilities. This occurs since, if environ
mental impairment is discovered at a disposal site, the 
historical course of action taken by regulatory authorities 
has been to assess remedial damages against the site oper
ator. More recent events , bowever, have made it clear that 
large financial expenditures may be required for waste 
generators who originally eontributed to the materials dis
posed at the site in question. As a result, to efTectively re
duce liabilities, a generator should choose an ofT-site facil-

TABLE 4. RANGE OF CAPITAL EXPE:-IDITURES 

PhysicaliChemieal/Biological Treatment 
Incineration 
Secure Landfill 
Deep-well Injection 
Lab Facilities 
Permits 
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$ 2-5 million 
$10-20 million 
$ 2-5 million 
$ 2-3 million 

$250,000-2 million 
$ 50,000-2 million 

ity which meets a number of criteria including, for 
example: 

• The facility should be adequately located to mini
mize potential impacts. 

• The facility should be well deSigned and operated 
and should represent current state-of-the-art tech
nology. 

• The facility should have all required permits and li-

• 

• 

censes. 
Facility management should be highly responsible 
and responsive to applicable regulations. 
The facility owner or operator should have a "deep 
pocket." 

CONCLUSIONS 

It should be clear that both on-site and off-site disposal 
approaches offer a number of advantages and disadvan
tages which must be weighed in making decisions for any 
particular facility. On-site disposal, for example, offers po
tentially redueed eosts in some instanees and can offer in
creased levels of ma!,agement fl exibility. This may be 
particularly true for fadlities generating larger quantities 
of hazardous materials. 

Alternatively, oll~site disposal offe rs a number of advan
tages as well. These may include competitive prices, a 
wider variety of disposal options, decreased training re
'Iuirements for industry personne l, and a reduction in 
long-term corporate liabilities. 

In conclusion, and while the issue of on- versus olT-site 
disposal must be resolved on a site by site basis , a number 
of general guidelines can be suggested for spedfic situa
tions. For example: 

• Industries partieularly concerned with their image 
should consider olfsite disposal. 

• Facilities generating only small 'Iuantities of waste 
should consider oll~site disposal even if faced witb 
higher unit disposal charges. 

• Facilities not located in particularly secure environ
mental settings or I'lcilities located in dose proxim
ity to sensitive receptors should consider the advan
tages of off-site disposal. 

• Facilities generating small quantities ofa large vari
ety of wastes or lileilities generating particularly 
toxic or diffieult to treat wastes should consider off
site disposal. 

• Industries without ready aecess to skilled waste 
management professionals should avoid on-site dis
posal. 

• On-site faci lities should be considered when life
cycle unit msts are suhstantially lower than pro
jected oll~site disposal charges. 
Facilities which have the option of contracting dis
posal services to huger deep pocket commercial fa
cilities should consider doing so to reduce long-term 
liabilities. 
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Nucleation, Growth and Impurity 
Effects in Crystallization Procell 
Engineering 

Mary Anne Farrell Epstein, Editor 

Contents: Energetics of Nucleation. Growth of Con
tact Nuclei of Citric Acid Monohydrate . Undercooling 
to Nucleation in Cd-Sb Alloys. Size-Dependent Single 
Crystal Growth Kinetics. The Kinetics of Crystal 
Growth of Divalent Metal Fluorides. Effect of Impuri
ties on Occlusion Formation During Crystallization 
from Solution. The Removal of Impurities Through 
Crystal Aging. Effect of Iron as a Trace Impurity on 
the Water Softening Process. Idenlification of Batch 
Crystallization Control Strategies Using Characteristic 
Curves. On-line Porticle Counting for Crystallizer 
Operation Control. Observability and Controllability 
Considerations in Crystallization Process Design. 

(ISBN O-B/69-0226-7 LC 82- //460) 
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1982 90 pp_ Others: $20 

Design, Control and Analysis of Crystallization 
Processes 
Pub. #5-193 
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AIChE Members: $7.50 
97 pp_ Others: $20 

Crystallization from Solution: Nucleation Phe
nomena in Growing Crystal Systems 
Pub. #5-121 AIChE Members: $7.50 
1972 87 pp. Others $20 

Crystallization from Solution: Factors Influencing 
Size Distribution 
Pub. #5-110 
1971 

AIChE Members: $10 
150 pp. Others: $22 

Fossil Hydrocarbon and Mineral Processing 
Pub. #5-85 AIChE Members: $7.50 
1968 119 pp. Others: $20 

Processing of Energy and Metallic 
Minerals 

H. Y_ Sohn, S.D. Hill, J.-M. Wie and 
K_ V.S. Sastry, Editors 

Contents: A Survey of Current Technologies for Pro
duction of Oil from Oil Shale by In-Situ Retorting 
Processes. Analysis of Multiple Gas-Solid Reactions 
During the Gasification of Oil Shale Char (abstract). 
Beneficiation of Fine Western Coal by Froth Flotation. 
Pelletization of Coal Fines (abstract). The Sulfur BoI
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nated Sandstone Deposits of Utah. The Effect of on 
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at Yong-Nam Chemical Company. Extraction of Alu
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Silicon. Copper leaching from Chalcopyrite in Hydro
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Hydrometallurgical Recovery of Metal Values by the 
Use of Ion Exchange. 
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Fundamental Aspects of Hydrometallurgical 
Processes 
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Session 1: Management of Hazardous 
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Source Control to Perpetual 

Storage 
M. R. Overcash 
Dept. of Chemical Engineering 

PO Box 5035 
North Carolina State University 

Raleigh, NC 27650 
Phone: (919) 737-2325 

Session 2: Remedial Action of 

Unidentified Hazardous Waste 

Sites 

Peter B. Lederman 

Weston Way 
Westchester, PA 19380 

Phone: (215) 692-3030 

Session 3: Chemical Engineer

ing Fundamentals Applied to 

the Environment 
Louis J. Thibodeaux 

University of Arkansas 
227 Engineering Building 

Fayetteville, AK 72701 

Phone: (501) 575-4951 

SeSSion 4: Reuse, Recycle, and 

Recovery In Fermentation 

Industry 
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James E. Alleman 

Dept. of Civil Engineering 

Purdue University 

West Lafayette, IN 49707 
Phone: (317) 494-2191 

Session 5: Source Control in 

Organic Chemical Manufactur

ing Industry 

Stanley Sojka 

Hooker Research Center 
Grand Island Complex 

Niagara Falls, NY 14072 

Phone: (716) 773-8525 

Session 6: Structured Biological 

Models 
Robert L. Irvine 

University of Notre Dame 
Notre Dame, IN 46556 

Phone: (219) 239-6306 

Session 7: Effects of 
Power Generating Stations on 

Receiving Stream 
Robert W. Peters, Dept. of 

Civil Engineering, Purdue Univ. 
West Lafayette, IN 47907 

Phone: (317) 494-2191 

Session 8: Membrane Processes 

for Water Reuse and Material 

Recovery 

B. M. Kim (and D. Bhatia

charyya, Univ. of KY.) 

Corporate Research and Oev. 

General Electric Company 

Schenectady, NY 12301 
Phone: (518) 385-8824 

Session 9: Global Environmental 

Effects: Carbon Dioxide Problem 

from an Energy Policy Perspec

tive 

Robert T. Jaske 

7908 Chellon Road 
Bethesda, MD 20814 
Phone: (202) 287-0204 

Session 10: Global Environ

mental Effects: Acid Rain 

A.Johannes 

Rensselaer Polytechnic Institute 
Troy, NY 12181 

Phone: (518) 270-6381 

Session 11: 1983 Clean Air Act 

Amendments: Ramifications for 
Process Change in the Chemi

cal/Petrochemical Industry 
Richard D. Siegel 

Stone and Webster Eng. Corp. 

245 Summer Street 
Boston, MA 02107 
Phone: (617) 589-7620 

Session 12: Gaseous and Parti

culate Fugitive Emissions 

L. Forney 
School of Chemical Engineering 

Georgia Insl. of Technology 

Atlanla, Ga 30332 
Phone: (404) 894-2825 

L. Weitzman 

Acurex Corporation 

8078 Beechmont 
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Joint Environmental Program With F & P Division 
(Two Sessions) 

Environmental Consideration 
in Coal Conversion 
Sheila S. Farthing 
Bureau of Energy Research 
Kentucky Dept. of Energy 
Iron Works Pike 
Lexington, KY 40578 
Phone: (606) 252-5535 

Janet A. Fi rley 

Engineering Tech. Dept. 
International Coal Refining Co. 
P.O. Box 2752 

Allentown, PA 18001 

Phone: (215) 481-1258 

Environmental Considerations 
in Oil Shale Development 
Dibakar Bhattacharyya 
Department of Chemical Eng. 
University of Kentucky 
Lexington, KY 40506 
Phone: (606) 258-2794 

Anthony L. Hines 
Dept. of Chemical Engineering 
University of Wyoming 
P.O. Box 3295, University Station 
Laramie, WY 82071 
Phone: (307) 766-3284 

Preliminary Environmental Division Program 
Philadelphia, Pa. National Meeting 

August, 1984 

Involved Sections 
(Designated Contact) SESSION TITLE 

1) A (Siegel) Process Modification in the Biotech-
no logy and Pharmaceutical Industries 

2) A (Siegel) Reuse, Recovery, Recycling in the Bio-
technology and Pharmaceutical Indus-

tries 

3) A (Siegel) Environmental Impact in the 
Biotechnology and Pharmaceutical In-
dustries 

4) W (Irvine) Tutorial on Genetic Engineering 

5) W (Irvine) Genetic Engineering and Pollution Con-

trol 
6) A (Siegel) Process Modification in the Synthetic 

Chemical and Plastics Industries 

7) A (Siegel) Reuse, Recovery, Recycling in the Syn-

thetic Chemical and Plastics Industries 

8) A (Siegel) Environmental Impact on the Synthetic 
Chemical and Plastics Industries 

9) A,W,S, (Siegel) Synfuels Update 

10) S,A (Delaney) Hazardous Waste Incineration 
11) S,W (Delaney) Advanced Technology in Waste Treat-

ment Fundamentals 

A = Air Section W = Water Section S = Solids Section 

THE LARRY K. CECIL AWARD 
The title of the annual Environmental Division Award 

has been officially changed to honor the memory of the 
prime mover in the formation of the Division and the first 
recipient of the award, Larry Cecil. 
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Involved Sections 
(Designated Contact) SESSION TITLE 

12) S,W (Delaney) Advanced Technology in Waste Treat-
ment Design Considerations 

13) W,S,A (Irvine) Environmental Policy-Multimedia 
14) W,S (Delaney) Liability Questions/Hazardous Waste 

15) A,S (Siegel) Monitoring at Hazardous Waste Sites-I 
16) W,S (Irvine) Monitoring at Hazardous Waste Sites-II 

17) A,S (Siegel) Modeling at Hazardous Waste Sites-I 
18) W,S (Irvine) Modeling at Hazardous Waste Sites-II 

19) S,W (Delaney) Uncontrolled Hazardous Waste Sites 
-Case Studies 

20) S,W (Delaney) Remedial Action at Hazardous Waste 
Sites-Case Studies 

21) S (Delaney) Reuse, Recovery, Recycling of Biopro-
ducts of Manufacturing. 

22) W,S (Irvine) Use of Biological Treatment Processes 

for Treatment of Hazardous Wastes 
23) W,S (Irvine) Use of Physical-Chemical Processes for 

Treatment of Hazardous Wastes 
24) W,S (Irvine) Innovative Process for In-Situ Treatment 

of Hazardous Wastes 
25) S (Delaney) Considerations in Disposal of 

Solids/Hazardous Materials 

AIChE 1983 Publications Catalog 
For a complete listing of all process control titles 
available from AIChE, consult our 1983 Publi
cations Catalog, If you have not received your 
copy, send your request to: AIChE Marketing, 
Dept., 345 East 47 St., New York, N,Y., 10017. 
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AMERICAN ACADEMY OF 
ENVIRONMENTAL ENGINEERS 

AAEE is contributing to and co-sponsoring four of tbe 
12 environmental sessions planned for the Diamond Jubi
lee Meeting. In addition, AAEE will sponsor a breakfast 
on Wednesday November 5, at which an update on 
superfund will be discussed. 

AAEE and AIChE are working effectively together and 
have plans for additional joint activities at future meet
ings. Arrangements for a joint mini-symposium of four 
sessions at Philadelphia have begun, and other potential 
programs are under discussion. 

AAEE is planning to take a more active interest in pro
fessional education and accreditation. The AAEE Board is 
preparing a resolution reminding State Legislatures to 
consider extending prof",ssional registration to all educa
tional functions involving "Engineering." States such as 
Iowa and Texas now require registration of professors who 
teach accredited "engineering" courses. 

Also, AAEE is active with ABET and is working on pol
icy issues involving designation of Environmental Schools 
of Engineering. Of interest to AIChE are those schools 
conducted jOintly with chemical engineering curricula. 
Trustee Jaske is looking for comments from the Division, 
and will be working with the AAEE committee on accred
itation, looking toward assembly of visiting teams in 1984. 
Please contact Bob Jaske if you are interested in the 
ABET activity. 

Finally, members of the Division are encouraged to 
join AAEE. In addition to regular membership, the Divi
sion may sponsor five members of AIChE each year who 
have 15 years of environmental practice and have some 
level of acknowledged eminence. Please contact Bob 
Jaske if you are interested. 

American Association of Engineering Societies 

Of interest to the Division, former Division Director 
Jaske is now representing AIChE to the Coordinating 
Committee on Energy (CCE). CCE is the most active 
committee of AAES and just recently sponsored a Con
gressional luncheon and seminar which announced the 
publication ofCCE's Energy Statement II which it plans 
to issue biennially in time for each new session of 
Congress. 

CCE has just prepared a" Facts for Engineers" publica
tion on Atmospheric Carbon Dioxide. This authoritative 
publication draws on Federal agency research and has 
been reviewed for over a year by the societies repre
sented in CCE (22). Societies playing the most active role 
have been AIChE, ASME, ANS, AIME and IEEE. CO 2 

will be on the program for the Diamond Jubilee Meeting 
(Environmental Session 9, announced in March). See 
"Carbon Dioxide-The Premier Environmental Chal
lenge of Our Time" on page 144 of this issue. 

All ofthis activity continues an Environmental Division 
policy begun several years ago to keep the AIChE mem
bership informed on this controversial and important 
iss'ue. 

Robert T. Jaske, Trustee 
AAEE 
7908 Chelton Road 
Bethesda, MD 20814 
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Serving 
Chemical Engineers 

Since 1908 

PUBLICATIONS ON SAFETY 
AND LOSS PREVENTION 

Plant/Operations Progresstm. Subscribe to this quarterly 
publication to keep up with the latest developments and 
technological advances in the areas of loss prevention, 
safety, and efficient plant operation. 
Recent issues have covered: 

• Fire Tests of Class N FPA III A Combustible Liquids 
Stored in Drums. 

• Safe Governing of Turbine Speed. 
• Tests of Explosion Venting of Buildings. 
• Predicting Creep Damage. 
• Process Hazards Control to Air Products. 
• Revamp of Ammonia Plants. 
• Ventilation Basics. 

Quarterly AIChE Members S20; Others S40 per year. 
V. S. postage and handling is prepaid. Please add $5.00 
per subscription/or foreign addresses. 

You can save money by subscribing to .11 three Progress 
Quarterlies. Energy Progress'm, Environmental Pro
gress'm, Plant/Operations Progress'm. All Three Quar
terlies, AIChE Members S55; Others SilO per year. 
Please add SI 5.00 to cover postage and handling 011 

foreign addresses. Prices are subject to challge. 

Note: Dues paying members of A/ehE who are also members oj 
AlehE's Fuels and Petrochemicals Division receive Energy 
Progress'm and those who are members oJ AlellE's Environmental 
Division receive Endronmental Progresstm as part of their Divi
sion member dues . 

FIRE AND EXPLOSION 

T -71. Dow's Fire and Explosion Index Hazard Classifi
cation Guide, 5th Edition. One of the most popular and 
most useful processing tools has been IIpdated. Im
provements include use of four factors: A. Material 
factor, process temperature, pressure and quantity offuel 
to develop an exposure radius: B. Additional methods 
for obtaining a material factor through the use of 
thermodynamics; C. New loss control credit section; 

D. Method for obtaining days outage from the Maximum 
Probable Property Damage. 
ISBN 0-8/69-0/94-5 LC 80-29237 
1981. 57 pp. AIChE Members, 510; others, S20. 

M-I0. Fundamentals of Fire and Explosion_ An 
uncontrolled chemical reaction, in addition to destroying 
lives and property, destroys also much of the detailed 
evidence indicating what really happened. This accounts 
in part for the confusion about, and the lack of perception 
of the many facets of this complex subject. This 
publication assembles some of the extensive work 
carefully carried out by those named in the references. 
The original papers contain a wealth of data that 
promotes the comprehension of these maHers . This 
compendium has been made available to AIChE, courtesy 
of Dow Chemical Co. 
ISBN 0-8/69-0040-X 

1976. 124 pp. AIChE Members, S8.00; others, S16. 

LOSS PREVENTION 

T-72. Loss Prevention, Volume 14. Twenty-six papers 
selected from those presented at AIChE's National 
Meeting on June 8-12. 1980 in Philadelphia present 
practical safety and loss prevention information on 
transportation of chemicals over highways, reactor 
design , gas detonations in pipes, electrostatic ignition of 
flammable vapors, cycJohexane oxidation risks, and 
deflagrative explosions. Topics covered include: System 
Reliability Engineering Methodology for Industrial 
Application. NTSB Hazardous Materials Spill Map. 
Proctor & Gamble's Environmental Incident Program. 
FRP Duct Incident. Plant Instruments. Fabrication and 
Use of a 20-L Spherical Dust Testing Apparatus. 
Explosive Evolution of Gas in the Manufacture of Ethyl 
Polysilicate. How Far Should We Go in Bringing Old 
Plants Up to Modern Standards? Discussions, tables, 
diagrams, and bibliographies are provided. 
ISBN 0-8/69-0/95-3 LC 74-43736/6 
1981. 181 pp. AIChE Members, SI5.00; others, 530. 

T -68. Loss Prevention, Volume 13. 
1980. 179 pp. AIChE Members, 515.00; others S30. 

T -60. Loss Prevention, Volume II. 
1977. 130 pp. AIChE Members, 512.00; others, S22. 

T -46. Loss Prevention. Volume 7. 
1973. 120 pp. AIChE Members, 510.00; others, S20. 

T -41. Loss Prevention. Volume 6. 
1972. 140 pp. AIChE Members, 510.00; others, 520. 

T-39. Loss Prevention. Volume 5. 
1971. 116 pp. AIChE Members, 57.50; others, SIS. 

T-36_ Loss Prevention, Volume 4. 
1970. 115 pp. AIChE Members, 57.50; others, SIS. 
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T -32. Loss Prevention, Volume 2. 
1968. 138 pp. AIChE Members, S7.S0; others, SIS. 

T -30. Loss Prevention, Volume I. 
1967. 98 pp. AIChE Members, S7.00; olhers, S14. 

AMMONIA PLANT SAFETY 
T-74. Ammonia Plant Safety, Volume 23. Emphasis in 
these se lected papers from AIChE's National Meeting in 
Portla nd , Oregon. August 17-20. 1980 is on safe and 
efficient operation as well as prevent ive mai ntenance, 
repair, and inspecti on. Provides pract ica l in fo rmati on on 
meta l overheating and equipment fa ilure, temperature 
runaway , purge gas purification and recovery, efficient 
energy reduction. tank car failure and safety, and 
catalysts. Also includes papers on: TV A Ammoni a from 
Coa l Project. Stress Corrosion Cracking of Heat
Resisting All oys. Microcomputers for Off-Line Eva lua
tions. Electromagnet ic Shaft Currents in Turboma
chinery. Refri gerated Storage Tank Reta inment Walls. 
IS BN 0-8 169-0 /89-8 LC 72-625346 
1981. 212 pp. AIChE Members, SI6.00; Others, S32. 

T-70. Ammonia Plant Safely (and related facilities), 
Vol . 22. 
1980. 225 pp. AIChE Members, SIS.OO; others, S30. 

T-67. Ammonia Plant Safety (and related facililies). 
Volume 21. 
1979. 188 pp. AlChE Members, SI4.00; others, S28. 

ORDERING INFORMATION 

Payment mUlt accompany all orderl for Ie .. than 10 
bookl. 
AIChE members may order only one copy of each 
title at the member price, and are requested to 
indicate Membership ID Number in order to qualify 
for AIChE member price. No charge for postage or 
handling on prepaid U.S. orders which are shipped 
book rate. All foreign orders, regardless of quantity, 
must be accompanied by payment in U.S. dollars 
and inClude $2.00 per book to cover postage and 
handling. Proforma on request. 

Special dllcountl offered on nonmember prices: 
Purchases of 11 to 25 copies of 1 title 10%; 26 to 50 
copies of 1 title 20%. Booksellers, wholesalers, and 
subscription agencies qualify for 20%. 

All lales are final. Prlcel are lubject to change. 
For additional information, you may telephone: 
Publication Sales Dept. (212) 705-7657 
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T -56. Ammonia Plant Safety (and relaled facilities), 
Volume 18. 
1976. 121 pp. AIChE Members, SIO.OO; others, S20. 

T-48. Ammonia Plant Safety, Volume 16. 
1974. 134 pp. AIChE Members, SI0.00; others, S20. 

T-4S. Ammonia Planl Safety, Volume IS. 
1973. 105 pp. AIChE Members, S7.S0; olhers, SIS. 

T-42. Ammonia Plant Safely (and related facilities). 
Volume 14. 
1972. 137 pp. AIChE Members, S7.SO; olhers, SIS. 

T-38. Ammonia Plant Safety, Volume 13. 
1971. 115 pp. AIChE Members, S7.S0; others, SIS. 

POLYETHYLENE PLANT SAFETY 
T-61. Safety in Polyethylene Plants, Volume 3. Con
tinued growth is foresee n in the growth of ethylene 
business with much of the olefin finding its way into the 
fini shed polyethylene product. These plants require high 
pressure facilities to perform the polymerization step and 
this manua l includes 16 pa pers covering such subjecls as 
Purging, Vi bration Problems. Design of High-Pressure 
Joints and Fill ings. 
1978. 8! pp. AIChE Members, S8.00; others, S16. 

T -44. Safety in High Pressure Polyethylene Plants. 
Volume I. 
1973. 62 pp. AIChE Members, 55.00; others, 510. 
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How would you like to be able 
to deduct up to $3000 of an 
employee's salary? 

SolUld too good to be true? 
Well now you can. Call the 
National Alliance of Business. 

They'll tell you about a 
program rlU1 by local private 
business and backed by the 
government. A program that can 
provide you with a whole new 
labor pool of work-ready 
individuals. And save you a 
blUldie on your taxes as well. 

No hidden costs. 
All you have to give is a job. 

1b someone who's itching to 
work, but who has never been 
given a fair shake. 

It's the smartest investment 
you can make. 

--:~-
It makes good business sense. 
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